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ABSTRACT 
 
The increasing demand for bone repair solutions for the treatment of large and load-
bearing bone defects calls for the development of efficacious bone scaffolds. The design of such 
scaffolds involves a range of length scales from the centimeter down to the micron-scale. 
Biphasic calcium phosphate (BCP) scaffolds with both macropores and micropores (MP) show 
enhanced bone healing compared to those with macropores and no micropores (NMP), but the 
role of micropores is unclear. In this work, we assess the influence of scaffold macro- (> 300 
µm) and microporosity (< 50 µm) on bone regeneration in BCP scaffolds implanted in pig 
mandibles. We evaluate capillarity induced by micropores as a mechanism that affects bone 
growth in vivo. We also assess the influence on bone volume, bone distribution and trabecular 
thickness of scaffold macro- and microporosity, as well as the ability of scaffold structure to 
direct bone growth in scaffolds combining domains with different architectures at the millimeter 
scale. Our results show that microporosity enhances bone regeneration through micropore-
induced capillarity by improving the homogeneity of bone distribution in BCP scaffolds, 
suggesting that the explicit design and use of capillarity in bone scaffolds may lead to more 
effective treatments of large and complex bone defects. We also show that microporosity 
enhances bone volume fraction and bone distribution, regardless of macropore size. 
Microporosity increases trabecular thickness throughout the scaffold, while macropore size 
affects it only at the scaffold periphery. Finally, our results suggest that combining different 
architectures into one scaffold at the millimeter scale conserves the properties of each domain. 
Hence, bone growth and morphology can be tailored by controlling scaffold architecture from 
the millimeter down to the micron level. This holds promise for the customization of scaffold 
designs for more effective treatment of large and load-bearing bone defects.  
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The Road Not Taken 
By Robert Frost (1920)  
Two roads diverged in a yellow wood, 
And sorry I could not travel both 
And be one traveler, long I stood 
And looked down one as far as I could 
To where it bent in the undergrowth; 
 
Then took the other, as just as fair, 
And having perhaps the better claim, 
Because it was grassy and wanted wear; 
Though as for that the passing there 
Had worn them really about the same, 
 
And both that morning equally lay 
In leaves no step had trodden black. 
Oh, I kept the first for another day! 
Yet knowing how way leads on to way, 
I doubted if I should ever come back. 
 
I shall be telling this with a sigh 
Somewhere ages and ages hence: 
Two roads diverged in a wood, and I— 
I took the one less traveled by, 
And that has made all the difference. 
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1. Introduction 
 
1.1. Motivation  
Two million people undergo bone repair surgery every year for the treatment of large and 
load-bearing bone defects [1,2], and the demand is expected to increase with the aging global 
population [1,3,4]. These defects in particular cause significant pain, disability and 
disfigurement. The current gold standard techniques for bone repair are autografts and allografts. 
However, these solutions present a number of limitations. For example, allograft and autograft 
materials have limited availability. Allografts are potential disease carriers, and require the use of 
immunosuppressive drugs, resulting in decreased immunity. Autografts, on the other hand, are 
associated with donor site morbidity and other side effects such as numbness and pain [1,5].  
The shortcomings associated with biological grafts have encouraged the development of 
artificial bone scaffolds [2,5–7]. However, despite the growing market for bone graft substitutes 
[8], and extensive research efforts over the past 25 years, the repair of large and load-bearing 
defects remains a major challenge [3,6,9–14]. In particular, complete osteointegration is difficult 
to achieve across a large defect, leading to osteonecrosis and implant failure at the center of the 
defect [15]. It is thus important to better design bone scaffolds so that they enable complete 
osteointegration by guiding a homogeneous distribution of bone in the defect volume.   
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1.2. Design and fabrication of synthetic bone scaffolds 
Bone scaffold design should ultimately address the increasing demand for bone repair 
solutions, especially in the case of complex, large and load-bearing bone defects. The design 
includes a choice of scaffold material as well as the fabrication of a scaffold structure.  
Synthetic grafts made of metals, polymers and ceramics have been investigated as 
alternatives to biological grafts for the repair of bone defects [2,10,12,16]. Metallic grafts have 
good load-bearing properties, but pose integration problems that lead to implant loosening and 
the necessity for revision surgeries and implant replacement [17]. The mechanical properties of 
polymers can be controlled with high precision, but their strength decreases rapidly in vivo 
[18,19]. In addition, the degradation products of some polymers raise concerns about their 
toxicity [20]. Calcium phosphate ceramics, though more brittle, match the strength of cortical 
bone [20] and have been widely studied for their ability to guide bone formation on their surface 
[21]. Researchers studying bone repair and regeneration have investigated Biphasic Calcium 
Phosphates (BCP) as suitable materials for artificial bone scaffolds [3,22]. The chemical and 
structural similarity of BCP with bone mineral confers biocompatibility, bioactivity and 
osteoconductivity [3,10,22,23]. Loading scaffolds with biologics such as exogenous cells and/or 
growth factors confers osteoinductivity [5,7,13,24–26]. 
Bone scaffolds structure must be engineered at different length scales, as illustrated in 
Fig. 1.1, to recapitulate the multiscale organization of bone [27]. The defect site and geometry 
(Fig. 1.1A) defines the scaffold envelope (Fig. 1.1B) at the centimeter-millimeter scale. The 
scaffold structure contains domains with features at the macro- (Fig. 1.1C) and microscale (Fig. 
1.1D). Large interconnected macropores (> 300 µm) within bone scaffolds provide space for 
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bone ingrowth, and allow vascularization and innervation [10–12,26] which are essential for 
bone tissue growth and sustainability especially at the center of the scaffold. In recent years, 
attention has focused on incorporating controlled microporosity (< 50 µm) in macroporous BCP 
scaffolds [12,14,25], motivated by studies showing that microporosity confers osteoinductivity to 
BCP scaffolds, in the absence of biologics [28–30]. 
 
Figure 1.1. The range of length scales considered in the design of bone scaffolds. A. At the whole bone 
level, the defect site is identified as part of a surrounding anatomy. B. The defect geometry is 
determined at the centimeter-millimiter level. C. Within the defect envelope, the scaffold structure 
presents macropores between its constitutive rods. D. The scaffold rods can be either microporous (MP) 
or solid and non-microporous (NMP).  
 
While traditional fabrication techniques, such as gas foaming, freeze-drying and porogen 
leaching, provide less control over the structure of ceramic scaffolds [9,31], 3D printing 
techniques have been developed to precisely control scaffold porosity and shape at different 
length scales in order to increase the design space for calcium phosphate scaffolds [11,31–35]. 
Better control over scaffold architecture enables the systematic investigation of the effects of 
scaffold structure on features of bone regeneration such as bone volume fraction and bone 
distribution throughout the scaffold [31].  
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Our group has developed deposition technologies enabling the fabrication of BCP 
constructs that are several centimeters in size and can fill defects with complex geometries. 
These constructs can also have multiple material domains with different composition and 
structure [32–34]. We use a fabrication technique [32,36] that precisely controls pore size, 
fraction and interconnection size at both the macro- and microscale. Using this technique, our 
scaffolds are made by the deposition of alternating layers of orthogonal rods (Fig. 1.1C) that are 
either microporous, in MP scaffolds, or non-microporous, in NMP scaffolds (Fig. 1.1D). 
Macroporosity follows a regular geometric pattern controlled by the deposition procedure and 
micropore size is precisely controlled by incorporating porogens in the scaffold material. This 
allows for the assessment of the effects of scaffold structure on bone regeneration by varying 
macro- and microporosity. The performance of scaffolds is evaluated through a series of in vivo 
studies using a pig mandible model [37–39]. We showed that this scaffold system has overall 
good mechanical properties before and after implantation [40,41], that bone growth occurs 
readily in these scaffolds [37,38,42] and that ingrown bone in implanted MP scaffolds improves 
the load-carrying capacity and arrests crack propagation in the scaffolds [41]. 
 
1.3. Enhancement of bone regeneration in scaffolds with multiscale porosity 
Some studies showed that the presence of micropores leads to the formation of bone in 
BCP scaffolds with multiscale porosity, i.e. with macro- and micropores, implanted in muscle, in 
the absence of exogenous biologics [28–30]. In other words, the presence of micropores confers 
osteoinductivity to macroporous BCP scaffolds, without the need to incorporate expensive 
biologics. In bone defects, using the BCP scaffold system in Fig. 1.1C and 1.1D, we showed that 
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MP scaffolds show enhanced in vivo bone growth and overall improved healing compared to 
NMP scaffolds, regardless of prior loading with potent osteoinductive growth factors 
[37,38,42,43]. Bone growth is comparable, and better by some measures, in MP scaffolds than in 
NMP scaffolds containing the potent osteoinductive growth factor BMP-2. Other researchers 
also found that the presence of micropores enhances bone growth in bone defects [25,44–48]. 
 
1.4. Role of micropores in enhancing bone regeneration 
The mechanisms by which microporosity in BCP scaffolds enhances bone regeneration in 
the macropores are not clear. Some researchers suggested that micropores increase the surface 
area available for growth factor and protein adsorption [23,45,47]. Micropores may constitute a 
potential reservoir, or microenvironment, for the precipitation of biological apatite and for 
endogenous bone-inducing biomolecules to accumulate and enhance bone growth [47–49].  
We previously demonstrated that micropores can serve as space for microscale bone 
growth, leading to a fully integrated bone-scaffold composite with no dead space. Our results 
show bone and associated cells, inside micropores with a nominal size of 5 microns [37–39,42]. 
This suggests that: (i) cells can be sequestered in micropores, and (ii) bone can form inside pores 
much smaller than 100 microns, the accepted minimum size for bone growth [50].  
In a recent publication [39], we showed that microstructure generates capillary forces that 
draw osteogenic cells into scaffold micropores, both in vitro and in vivo. We demonstrated that 
micropore-induced capillarity draws cells in the micropores of 2D BCP substrates in vitro when 
substrates are put in contact with a cell suspension, and in the micropores of 3D MP scaffolds in 
vivo when the scaffolds come in contact with the physiological fluid in the defect at the time of 
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implantation. That is to say that when the scaffolds are inserted into bone defects, micropore-
induced capillary forces draw in cells and fluid into the scaffold macro- and micropores. Cells 
were drawn through a network of pores with diameters on the order of 5 microns and with 
interconnections on the order of 2 microns, i.e. smaller than the cells themselves. This suggested 
that the cells had to deform upon passing through these interconnections, dragged by the 
capillary forces that drew the suspension or physiological fluid into the micropore network. We 
suggested that the smaller dimension of pore interconnections traps cells inside micropores. We 
demonstrated that capillary forces depend on micropore size. Furthermore, we developed and 
experimentally validated a predictive model for capillary forces using parameters such as pore 
size distribution and interconnection size. Using this model, capillary forces can be tuned to draw 
and trap desired cells inside micropores. That work raised the possibility of micropore-induced 
capillarity as a mechanism that enhances healing in MP scaffolds. Others have also investigated 
capillarity in vitro [51–53] as a potential means to improve the efficacy of calcium phosphate 
bone scaffolds in vivo, but to our knowledge the  effects of this mechanism on bone regeneration 
have not been experimentally demonstrated in vivo.  
 
1.5. Dissertation statement and outline 
In this work, we study the influence of scaffold design at three different length scales, 
from the micron to the millimeter level, on bone regeneration. In Chapter 2, we describe the 
general materials and methods used in the subsequent chapters. In Chapter 3, we demonstrate for 
the first time the effects of micropore-induced capillarity as a mechanism by which micropores 
enhance bone regeneration in vivo. The uniformity of bone distribution is considered an 
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important measure of bone regeneration and osteointegration because it reduces the risk of tissue 
necrosis at the center of the defect. In Chapter 4, we vary rod spacing and microporosity in 
single-domain scaffolds to compare the effects of macropore size and microporosity on different 
measures of bone regeneration. In Chapter 5, we combine different macro- and micro-
architectures within multi-domain scaffolds, at the millimeter scale; this allows to exploit the 
influence of scaffold features at the macro- and microscale to direct bone growth within the 
defect. This work has implications for the optimization of scaffold designs to address specific 
bone repair applications for the treatment of large and load-bearing bone defects. 
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2. General Materials and Methods  
 
In this chapter, we describe in detail the methods that were used to fabricate and 
characterize the scaffold systems studied in Chapters 3, 4 and 5, as well as the imaging and 
image processing techniques used to extract quantitative data about bone ingrowth. These 
methods are not specific to the studies presented in this work and have been used in several 
publications from our group.  
 
2.1. Preparation of the scaffold material  
The scaffolds were fabricated by micro-robotic deposition of a colloidal hydroxyapatite 
(HA) ink. The HA ink making procedure is modified from the work described in [54] and has 
been used in our previous works, e.g. [37–39,42]. The procedure was carried out over four days. 
On day 1, 150 g of HA powder were calcined for 10 hours at 1100 oC with a ramp of 1000 oC/hr. 
The characteristics of the HA powder used are listed below: 
- Hydroxyapatite, puriss., meets analytical specification of Ph. Eur., BP, FCC, E341, ≥90% 
(calculated on glowed substance) - Sigma-Aldrich 04238-1KG, Lot # SZBC3390V 
(quality by Riedel-de Haen) 
- CAS: 1306-06-5, HCa5O13P3, MW: 502.31 
- Assay: ≥90% (calculated on glowed substance) 
- Assay: 35-40% Ca basis 
- ≤8% loss on ignition, 800 oC 
- chloride (Cl-): ≤ 1500 mg/kg 
- fluoride (F-): ≤5 0 mg/kg 
- sulfate (SO42-): ≤ 5000 mg/kg 
- As: ≤ 2 mg/kg 
- Cd: ≤ 1 mg/kg 
- Cu ≤ 20 mg/kg 
- Fe: ≤ 400 mg/kg 
- Hg: ≤ 1 mg/kg 
- Pb: ≤ 2 mg/kg 
- Zn: ≤ 20 mg/kg 
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On day 2, the calcined powder was ball milled for 14 hours in 100% ethanol with 
grinding media to break up agglomerates and decrease particle size. Then, the HA suspension 
was sieved into a glass pan to remove the grinding media. The sieve and the grinding media were 
rinsed with ethanol to flush all the HA suspension. The pan was placed in a drying oven at 125 
oC for 15 hours with a ramp of 100 oC/hr.  
On day 3, the powder was dispersed with Darvan © 821A (Vanderbilt Minerals, 
dispersing agent, product code: 14442, batch number 3000066402; ingredients: water (60%) and 
ammonium polyacrylate (40%)). Deionized water and Darvan were mixed in a beaker in the 
proportions defined in [54] and the pH was adjusted to 10 using 5M NH4OH. The dried HA 
powder was next added to the mixture in three roughly equal batches and the resulting slurry was 
sonicated after each addition for 3 min at 50% power and 50% pulser. The resulting HA mixture 
was placed in a Nalgene bottle mounted on a paint shaker for 50 minutes. Then, the mixture was 
sonicated again for 4 min. The slurry was centrifuged at 2000 rpm for 60 min and the supernatant 
liquid was discarded. The HA slurry was transferred into a previously weighed Nalgene bottle 
containing milling media, and the bottle mounted on a paint shaker for 60 minutes. The solids 
loading/volume percent of the slurry was determined by drying and weighing a 2 g sample of 
slurry at 35 oC for 12 hours.  
On day 4, the solids loading of the slurry was calculated to determine the quantity of 
additives to be included in the mixture as per the proportions defined in [54]. These were as 
follows: 
- Prepared 5wt % Methocel F4M Premium: a versatile water soluble polymer, to increase 
the viscosity of the slurry (Dow Chemical, lot # XH28012N12; ingredients: 
Hydroxypropyl methylcellulose, water, sodium chloride), 
- 1-Octanol, to prevent foaming (Fisher scientific, lot # 095281), 
- Water as needed to reach the desired solids loading.  
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Poly(methyl methacrylate) (PMMA) beads (Polysciences, lot # 528266) were added as 
sacrificial porogens in the ink that was later used to make MP scaffolds. NMP ink was not loaded 
with PMMA beads.  
The mixture was mounted on a paint shaker for 30 min, then HNO3 was incrementally 
added to decrease the pH and increase the viscosity of the slurry. Finally, 50-100 µL of 
Poly(ethylenimine) (PEI) were added as a gelling agent (Polysciences, lot # 605195, MW 600, 
99%; ingredients: Aziridine, homopolymer). The mixture was placed on the paint shaker for 5 
minutes after each addition to ensure homogeneity of the final HA ink. 
 
2.2. Scaffold deposition and sintering  
The HA ink was loaded into a syringe that was mounted on a micro-robotic deposition 
head with controlled pistons. The scaffolds were deposited in a layer-by-layer fashion in a 
paraffin oil bath following the protocol described in [38,55]. Each layer is made of a set of 
parallel rods. The rods in one layer are perpendicular to those in the previously and subsequently 
deposited layers below and above, respectively. The nominal thickness of each layer is 0.42 mm. 
The distance between rods is controlled by the user through the Simulink program that operates 
the directed deposition system. The deposited scaffolds were left to air-dry overnight. 
The scaffolds were sintered to burn out all the chemical additives and the sacrificial 
porogens contained in the HA ink, and to densify the scaffold structure. The sintering profile was 
as follows: 
- 1 hour at 100 oC (ramp = 180 oC/hr) 
- 4 hours at 250 oC (ramp = 60 oC/hr) 
- no hold at 350 oC (ramp = 60 oC/hr) 
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- 2 hours at 900 oC (ramp=180 oC/hr) 
- 2 hours at 1300 oC (ramp=600 oC/hr) 
- cooling from 1300 oC to room temperature (ramp = 600 oC/hr) 
 
After sintering, the scaffolds were placed in individual aluminum boats and submerged in 
melted wax. The boats were placed under vacuum at 80 oC for 20 min to ensure the melted wax 
infiltrated all the pores. The embedding procedure was used to ensure that the machining process 
did not break the scaffolds. The scaffolds were machined to a diameter of 8 mm. After 
machining, the wax was burnt out at 525 oC for 1 hour, with a ramp of 300 oC/hr. Scaffolds were 
autoclaved in individual sterilization pouches after fabrication, to prepare them for use in the in 
vivo surgeries. 
 
2.3. Scaffold characterization 
Scanning electron microscopy (SEM) was used to image rod microstructure in the 
scaffolds. The samples were coated with gold–palladium and imaged using a Philips XL30 
ESEM-FEG (FEI Company, Hillsboro, OR) microscope with a Secondary Electron detector at an 
acceleration voltage of 5 kV. X-Ray Diffraction (XRD) was used to determine the phases present 
in the final material [37]. The initial material was HA with a purity ≥ 90%. During sintering, the 
material underwent a phase transformation leading to a final composition of 87% HA and 13% 
β-TCP [37]. This combination of HA and β-TCP phases is referred to as biphasic calcium 
phosphate (BCP). Micropore diameter and interconnection size were measured in previous 
studies using the same material system that is used in this work [37,40].  
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2.4. In vivo surgeries 
All animal experiments were done in accordance with the NIH Guide for the Care and 
Use of Laboratory Animals (8th ed.) and approved by the University of Wisconsin Institutional 
Animal Care and Use Committee.  
Eleven pigs were obtained from the existing herd at the University of Wisconsin Swine 
Research Facility. All pigs were aged 4-6 months and weighed 75-91 kg. The pigs were 
crossbreed mixes of Landrace, Large White and Duroc. One pig died during recovery from 
surgery due to complications not associated with the implanted scaffolds. Pigs were housed at 
the University of Wisconsin School of Veterinary Medicine’s Large Animal housing area. 
Pigs were sedated with telazol (6-8mg/kg IM), ketamine (1-6mg/kg IM), and 
glycopyrrolate (0.005-0.01 mg/kg IM) prior to being brought to the induction area. Once in the 
induction area buprenorphine (0.01-0.02 mg/kg IM) was administered. Pigs were induced with 
propofol (4-10 mg/kg) through a catheter placed in an ear vein, then intubated and maintained on 
isoflurane (0-4%) with 100% oxygen administered for the duration of surgery. A dose of 
Procaine Penicillin-G (6,600-20,000 IU/kg IM) was administered at this time and fentanyl 
patch(es) at a dose of 3-5 µg/kg/hr were placed on the animals. The lower jaw was then shaved 
of all hair and cleaned with chlorhexidine gluconate.   
After the induction procedures described above, animals were wheeled into the surgery 
suite, placed on the operating table, connected to a Cardell Veterinary Monitor Model 9500HD, 
and draped to provide the sterile operating field. Using aseptic surgical technique, 
retromandibular and submandibular incisions were made through skin and subcutaneous tissues, 
identifying the facial artery and vein.  Dissection was carried down to the inferior border of the 
13 
 
mandible.  The pterygomasseteric sling was incised and the masseter was elevated in a 
subperiosteal plane. The lateral cortex of the mandible was exposed from the angle to the area of 
the mental foramina are located, the masseter muscle was then retracted. The periosteum was 
carefully cut and reflected to expose the mandibular cortex.   
Defects, 8 mm in diameter, were created with a cannulated bit and a variable speed 
surgical drill (Stryker EHD, MI) under continuous irrigation. Three bicortical defects were 
drilled in the ramus of each hemi-mandible for six defects per pig, and scaffolds were press-fit in 
the defects. Visible bone debris generated from creating the defect were cleared from the defect 
manually. No blood or marrow was aspirated from the defect. Because the thickness of the ramus 
differed between pigs, the depth of each defect was assessed and the scaffolds were gently cut to 
the appropriate height as needed, prior to being implanted in the defect. This procedure ensured 
that the scaffold was flush with both sides of the bicortical defect and minimized irritation that 
might otherwise be caused if the scaffold protruded. A second dose of perioperative antibiotics 
(procaine Pen-G) was then administered to provide broad-spectrum coverage. 
After implantations were completed, the periosteum was closed over the bone and 
sutured with interrupted and continuous running 3-0 absorbable suture. The deep tissues were 
closed with a continuous 3-0 absorbable suture, and the skin and subcutaneous tissues were 
closed in a similar fashion. Pigs were returned to a clean, dry pen to recover and maintained on a 
soft diet for 7-10 days. The soft diet was nutritionally complete, consisting of the regular food 
wet with water. Total surgical time was 30-90 minutes for each animal.  
Three weeks after surgery, the pigs were euthanized. The mandibles were excised and 
placed in PBS-soaked gauze. Shortly after, the mandibles were cleaned and soft tissue was 
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removed to uncover the implantation sites. Bone calluses were sanded off using a Dremel rotary 
drill (Robert Bosch Tool Corp, Racine, WI) with a high-speed saw blade to uncover the 
implanted scaffolds. A trephine bur (10mm ID) was used to core out the scaffolds with 
surrounding native bone. Retrieved scaffolds were rinsed and kept individually in a 15ml of 10% 
neutral buffered formalin for 48h, then the formalin solutions were changed, and after two weeks 
the scaffolds were transferred to 15 ml 70% ethanol in deionized water until they were processed 
for histology.  
Note that the implanted scaffolds were used for three different studies described in 
Chapters 3, 4 and 5 respectively. The studies were conducted simultaneously to ensure that 
scaffolds from each treatment group were spread across several pigs for all three studies.  
 
2.5. Micro-CT imaging procedure 
Micro-computed tomography (micro-CT) was used to image each of the implanted 
scaffolds that were retrieved from the mandibles, and then these data were used to quantify the 
bone growth in each scaffold. The samples retrieved after surgery were 10 mm in diameter and 
about 10 mm in height. They were composed of a scaffold containing ingrown bone and were 
surrounded by native bone. The samples were imaged with a MicroXCT-400 scanner (Xradia, 
Inc., CA). The detailed procedure is described in Appendix A. All scans were performed through 
a 1 mm-thick Al filter, using a 0.5x magnifying lens, at 80 keV, 8 W, a binning parameter of 1 
and an exposure time in single mode of 2 s. The scanning rotation step was 0.25° and the 
resulting voxel size was 15 µm for all samples. After reconstruction with XMReconstructor 
software (Xradia, Inc., CA), the 3D z-stack of micro-CT images for each scaffold, where z is the 
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coordinate along the long axis of the sample, consisted of 400-500 images, each with 1024x1024 
pixels. The number of images in the stack depended on the height of the individual sample.  
 
2.6. Processing of micro-CT data for segmentation of bone, scaffold and background 
A segmentation procedure was used to extract quantitative data from the micro-CT 
images. The detailed procedure is described in Appendix B and was adapted from [56] and  
included three major steps: (i) pre-processing to condition the micro-CT data for automated 
segmentation, (ii) automated segmentation and (iii) post-processing to extract quantitative 
results.   
The micro-CT image stack for each scaffold was loaded onto the image processing 
software Amira® (version 5.5.0 - FEI Visualization Sciences Group, Bordeaux, France and Zuse 
Institute Berlin, Germany). Due to the orientation of the scaffold in the mandible and the sample 
positioning in the scanner, the orientation of each scaffold had to be adjusted so that the micro-
CT images displayed layers of entire rods that were all vertical and/or horizontal. This step was 
important to: (i) determine whether rods were broken, (ii) observe the influence of rod 
orientation on the direction of bone growth and (iii) use the scaffold geometry in the subsequent 
automated image processing. Scaffold were digitally isolated from the surrounding bone to 
constrain the analysis to the defect space. The resulting data was saved as a stack of 2D TIFF 
files where the surrounding ring of native bone was removed and the scaffold rods were vertical 
and/or horizontal.  
The TIFF files were converted to grayscale images and processed one by one in Matlab ® 
(R2012a, 1994-2014 The MathWorks, Inc.) using a custom-designed segmentation algorithm. 
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Background noise was removed with a morphological top-hat filter and the brightness and 
contrast were enhanced with gamma correction. Rod orientation was determined in each 
processed image using vertical and horizontal filters to detect structural patterns. The threshold 
for scaffold pixels was determined by iteration to minimize within-group variance in the pixel 
grayscale values and the scaffold pixels were assigned the value of 0, to facilitate the subsequent 
determination of the bone threshold. The bone threshold was then found similarly by iteration to 
minimize within-group variance. Using the determined thresholds, the algorithm labeled the 
pixels as scaffold, bone or background. The segmentation was then refined to account for 
labeling errors. Each segmented image was compared to the previous two images and to the next 
two images in the stack to identify pixels corresponding to rod shadows mistakenly labeled as 
bone. The geometric periodicity of the scaffold was used to identify rod sections mistakenly 
labeled as bone and vice-versa. Scaffolds damaged either by the trephine used for retrieval or by 
press-fitting at implantation were digitally cropped so as to only consider their less damaged half 
for bone pixel counting. This helped reduce errors in bone volume assessment. Rods were grown 
by 2-3 pixels to account for the partial voxel effect at their edges. 
The segmented data was processed using custom algorithms on Matlab to count the 
pixels corresponding to each material and extract the quantitative data needed for each study.   
 
 
 
 
 
 
 
 
 
 
17 
 
3. Micropore-Induced Capillarity Enhances Bone Distribution in vivo in Biphasic 
Calcium Phosphate Scaffolds 
1
 
 
Note: Most of the material included in this chapter was published in L.E. Rustom, T. Boudou, S. 
Lou, I. Pignot-Paintrand, B.W. Nemke, Y. Lu, M.D. Markel, C.Picart, A.J. Wagoner Johnson, 
Micropore-induced capillarity enhances bone distribution in vivo in biphasic calcium phosphate 
scaffolds., Acta Biomater. 44 (2016) 144–54.  
 
3.1. Introduction 
In this chapter, we investigate the influence of micropore-induced capillarity on bone 
regeneration in BCP scaffolds implanted in porcine mandibular defects. In a recent publication 
[39], we demonstrated that microporosity generates capillary forces that draw cells in the 
micropores of 2D BCP substrates in vitro when the substrate is put in contact with a cell 
suspension, and in the micropores of 3D MP scaffolds in vivo when the scaffold comes in contact 
with the physiological fluid in the defect at the time of implantation. That is to say that when the 
scaffolds are inserted in to the defect, micropore-induced capillary forces draw in cells and fluid 
into the scaffold macro- and micropores. That work raised the possibility of micropore-induced 
capillarity as a mechanism responsible for the enhanced healing observed in MP scaffolds 
compared to NMP scaffolds. Others have also investigated capillarity in vitro [51–53] in the 
context of a potential means to improve the efficacy of calcium phosphate bone scaffolds in vivo. 
This is the first work to study the mechanism in vivo, to our knowledge.   
                                                           
1
 The results described in this chapter were published in [76] and are reproduced with permission. 
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Three groups were compared: MP scaffolds with either active (MP-Dry) or suppressed 
(MP-Wet) micropore-induced capillary forces, and NMP scaffolds that do not have micropore-
induced capillarity because they do not have micropores. The amount and distribution of 
ingrown bone were quantitatively assessed using micro-CT. The homogeneity of the bone 
distribution in the scaffold was considered an important measure of successful bone regeneration 
to prevent osteonecrosis at the center of the defect; several measures of homogeneity were 
considered including the depth of the bone growth from the scaffold-defect edge to the center of 
the scaffold and the local bone volume fraction at different radii. 
 
3.2. Methods  
Scaffold fabrication and characterization   
BCP scaffolds were fabricated by directed deposition of a hydroxyapatite (HA) colloidal 
ink to generate a structure with periodic macropores, following the protocols described in our 
previous work, e.g. [38–40] and in Sections 2.1 and 2.2. Briefly, HA powder of purity ≥ 90% 
(Riedel-de Haen, Seelze, Germany) was calcined at 1100 °C for 10 h, then ball-milled in 100% 
ethanol for 14 h, to decrease specific surface area and break up particle agglomerates. The HA 
powder was dispersed in deionized water and Darvan® 821A (R.T. Vanderbilt, Norwalk, CT). 
Methocel and 1-octanol were added to increase the viscosity of the slurry and to prevent 
foaming, and poly(ethylenimine) was added as a gelling agent. The pH of the slurry was adjusted 
during the process to optimize the rheology of the final HA ink. For MP scaffolds, poly(methyl 
methacrylate) (PMMA) microspheres (Matsumoto Microsphere M-100, Tomen America, New 
York, NY) with a nominal size of 5 µm (5.96 ± 2.00 µm with a range of 2–14 µm [40]) were 
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added to the ink as sacrificial porogens in equal volume to the HA contained in the slurry; hence 
the MP scaffolds were nominally 50% microporous. The HA ink was loaded in a syringe and a 
micro-robotic deposition system [32,33] was used to deposit scaffolds, 12 mm in diameter and 8 
mm in height, with alternating layers of orthogonal rods. Deposited scaffolds were sintered at 
1300 °C for two hours to burn out all of the chemical additives and porogens and to densify the 
powder. All MP and NMP scaffolds were machined to a diameter of 8 mm, and then autoclaved 
in individual sterilization pouches. Scanning electron microscopy (SEM) was used to image rod 
microstructure in MP and NMP scaffolds, as described in Section 2.3.  
 
In vivo surgeries 
All animal experiments were done in accordance with the NIH Guide for the Care and 
Use of Laboratory Animals (8th ed.) and approved by the University of Wisconsin Institutional 
Animal Care and Use Committee. 
Three experimental groups were considered. MP scaffolds were implanted in pig 
mandibular defects either in the as-sterilized condition (MP-Dry) or after they were submerged 
in sterile Phosphate Buffered Saline (PBS) (MP-Wet), which was used to fill both the macro- and 
micropores with fluid before implantation. Samples that were submerged in PBS (MP-Wet) were 
gently tapped on the PBS-filled container until air bubbles stopped coming out of the scaffold. 
All NMP scaffolds were implanted dry.  
In [39], we showed that the micropores in MP scaffolds induce capillary forces that draw 
fluids such as PBS, cell suspensions, or fluid from the defect site into the scaffold macro- and 
micropores. Thus, the important difference between the MP-Wet and MP-Dry scaffolds was that 
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capillary forces in the MP-Wet scaffolds filled the macro- and micropores with PBS prior to 
implantation, whereas the capillary forces in MP-Dry filled the macro- and micropores with 
physiological fluid containing endogenous cells and biomolecules from the mandibular defect at 
the time of implantation. In other words, MP-Wet scaffolds no longer had active micropore-
induced capillary forces when they came in contact with the physiological fluid contained in the 
defect at the time of implantation; their pores had already been filled with PBS. In contrast, MP-
Dry scaffolds had active micropore-induced capillary forces when implanted in the defect and 
were able to draw physiological fluid, with endogenous cells and biomolecules, and distribute it 
in the macro- and micropores at the time of implantation. In this paper, we will refer to MP-Wet 
scaffolds as scaffolds with “suppressed micropore-induced capillarity”, and to MP-Dry scaffolds 
as scaffolds with “active micropore-induced capillarity”. By definition, NMP scaffolds did not 
have micropore-induced capillary forces because they do not have micropores. The number of 
samples was n=7 for MP-Dry, n=5 for MP-Wet and n=8 for NMP. The number of samples for 
MP-Wet and MP-Dry differed from the initially planned n=8, because one MP-Dry and two MP-
Wet samples were crushed and one MP-Wet sample was implanted in a pig that died due to post-
surgery complications. The damage to the crushed samples was assessed during micro-CT 
imaging after samples were removed from the animal. Data from these samples could not be 
used in the analysis.  
The surgical procedure is described in detail in Section 2.4. Briefly, pigs aged 4-6 months 
and weighing 75-91 kg were fasted for approximately 12 h prior to surgery and sedated with 
telazol (6-8 mg/kg IM), ketamine (1-6 mg/kg IM) and glycopyrrolate (0.005-0.01 mg/kg IM). 
Buprenorphine (0.01-0.02 mg/kg IM) was administered prior to induction with propofol (4-10 
mg/kg). Pigs were maintained with isoflurane (0-4%) gas in oxygen administered through an 
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endotracheal tube. A dose of Procaine Penicillin-G (6,600-20,000 IU/kg IM) was administered 
along with fentanyl patch(es) at a dose of 3-5 µg/kg/h. Vital signs were monitored for the 
duration of the surgery. Retromandibular and submandibular incisions were made through skin 
and subcutaneous tissues, down to the inferior border of the mandible, avoiding the facial artery 
and vein. The periosteum was carefully cut and reflected to expose the mandibular cortex. 
Cylindrical defects were created with a 8 mm cannulated drill bit and a variable speed surgical 
drill (Stryker EHD, MI) under continuous irrigation with saline. Three bicortical defects were 
drilled in the ramus of each hemi-mandible, for six defects per pig, and scaffolds were press-fit 
in the defects. Visible bone debris generated from creating the defect were cleared from the 
defect manually. No blood or marrow was aspirated from the defect. The scaffolds were gently 
cut to the appropriate height as needed, prior to being implanted in the defect. A second dose of 
perioperative antibiotics (Procaine Penicillin-G) was then administered. The periosteum was 
closed over the bone and sutured with interrupted and continuous running 3-0 absorbable suture. 
The deep and subcutaneous tissues and the skin, were closed with a continuous 3-0 absorbable 
suture. Pigs were returned to a clean, dry pen for recovery and were maintained on a soft, 
nutritionally complete diet for 7-10 days. The scaffolds were retrieved three weeks after surgery 
as described in Section 2.4.  
 
Histological evaluation 
Histology was used to qualitatively examine bone growth in the macropores and cells and 
bone in micropores. It was not used to conduct any quantitative analysis. Two to five scaffolds 
from each treatment group were embedded in PMMA following the method described in [57]. 
22 
 
The detailed protocol is described in Appendix C. Briefly, scaffolds were dehydrated with 
increasing concentrations of ethanol from 70% to 100% and then infiltrated under vacuum with 
methyl methacrylate (Sigma-Aldrich, St. Louis, MO). After polymerization, samples were cut 
with a diamond wire saw (Escil, Chassieu, France) into sections approximately 800 µm thick. 
Sections from the central region of each scaffold were mounted on microscope slides with cured 
Eukitt medium (Electron Microscopy Science, Hatfield, PA) and were polished to a thickness of 
400 µm. Slides were stained for 4 min with a solution of Stevenel’s blue at 60°C. The Stevenel’s 
blue staining solution was prepared by mixing a 13 mg/ml aqueous solution of methylene blue 
and a 20 mg/ml aqueous solution of potassium permanganate (both from Sigma-Aldrich, St. 
Louis, MO) in a boiling water bath. The solution was then filtered at room temperature on a 0.22 
µm filter membrane (Merck Millipore, Darmstadt, Germany). The slides were rinsed in 
deionized water at 60°C and counterstained for 1 min with Van Gieson’s picro-fuchsin. The Van 
Gieson’s picro-fuchsin was prepared by mixing 15 ml of a 1% acid fuchsin aqueous solution 
with 100 ml of saturated aqueous picric acid (both from Sigma-Aldrich, St. Louis, MO). The 
mixture was kept in the dark at room temperature. The histology slides were imaged with 5x, 
10x, 20x and 50x N PLAN objectives mounted on a DM LM microscope (Leica Microsystems, 
Wetzlar, Germany). ImageJ (NIH, Bethesda, MD) was used to measure the diameter of 42 red 
blood cells in a blood vessel and of 38 aggregated cells in micropores, in four different regions of 
MP-Dry samples. 
 
Micro-computed tomography imaging and image processing 
Micro-CT was used to image each of the implanted scaffolds following the procedure 
described in Section 2.5 and the procedure generated a 3D z-stack of micro-CT images for each 
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scaffold, where z is the coordinate along the long axis of the sample. The micro-CT images were 
processed using a custom segmentation algorithm adapted from [56] in order to extract 
quantitative information, as described in Section 2.6. Briefly, for each micro-CT image in the 3D 
z-stacks, the algorithm yielded a 2D (x,y)-matrix with pixels labeled as “scaffold”, “bone” or 
“background”. Each scaffold was first digitally isolated from the surrounding native bone and its 
orientation was adjusted so that the micro-CT images displayed vertical and/or horizontal 
scaffold rods. This step was essential so that the periodicity of the scaffold could be used in 
subsequent steps. In each image, the rod orientation was determined with a correlation operation. 
Pixels corresponding to rods were temporarily removed, and bone pixels were identified from 
background based on a threshold calculated to minimize within-group variance. Errors in 
labeling were fine-tuned using the scaffold structure and material gradient detection.  
The accuracy of the segmentation algorithm was evaluated by comparing the results of 
the automated segmentation to those of manual segmentation, pixel by pixel, for a representative 
subset of images from different samples [56]. Manual segmentation is considered the gold 
standard. It is a time-consuming process consisting of manually identifying and labeling pixels 
on each micro-CT image.  
 
Analysis of bone growth using segmented micro-CT data  
The amount and distribution of ingrown bone in the scaffolds were quantified from the 
segmented micro-CT data and compared across groups. In the following, the term “volume” 
refers to a number of pixels in the 3D z-stack of segmented images. A macropore volume 
corresponds to the sum of the volumes of bone and background within the macropore.  
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The average bone volume fraction in the sample, , was calculated and compared 
across groups.  is given by  = BV / MV where BV and MV are the volumes of bone and 
macropores in the scaffold, respectively. As  is the average bone volume fraction over the 
entire sample, it does not account for the spatial variations in bone within the scaffold. The 
values for  are reported as the average for each group ± the Standard Error (SE) of the mean.  
The bone distribution was quantified for the three treatment groups and the data were 
represented in three ways. First, a 2D heatmap of bone volume fraction was generated from the 
3D z-stack of segmented images corresponding to each sample. The heatmaps quantitatively 
illustrate the volume fraction of bone in the z-direction, for all (x, y). For every location (x,y) in 
the image stack, the volumes of bone and macropores along z, BV(x,y) and MV(x,y) respectively, 
were calculated. A 2D (x,y)-matrix of bone volume fraction BVF(x,y) was then determined, 
where BVF(x,y) was given by BVF(x,y) = BV(x,y) / MV(x,y) at each (x,y). The BVF(x,y) matrix 
was mapped to RGB values in order to generate a heatmap of bone volume fraction. Therefore, 
the heatmap does not represent the bone distribution in one micro-CT slice of the scaffold; 
rather, the heatmap shows the bone volume fraction along the sample height projected in a 2D 
representation. The heatmaps were averaged within each group. 
The second way to represent the bone distribution was to quantify the extent of the radial 
bone growth from the scaffold-defect edge toward the center by identifying a bone growth front 
on the heatmap corresponding to each sample. To find the bone growth front, the coordinate 
system was first converted from Cartesian (x,y,z) to polar coordinates (r,θ,z). Here, r = 0 
corresponded to the center of the scaffold, R was the scaffold radius and θ = 0 corresponded to 
the +x-axis. After this step, the BVF(x,y) values from the heatmaps were referred to as BVF(r,θ). 
A custom ImageJ (NIH, Bethesda, MD) routine was used to assess BVF(r,θ) for r incrementally 
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from 0 to R and θ from 0 to 360° on each individual heatmap. For each θ, the value of r at which 
BVF(r,θ) became larger than 0.2 was detected; the collection of these r values for all θ 
constituted a “contour” defined as the bone growth front for each sample. Individual sample 
contours were averaged within each group to give an average contour. The 0.2 threshold was 
chosen to detect the bone growth front for all groups, while avoiding the detection of local 
heterogeneities. This choice was guided by qualitatively estimating the contour of the bone 
growth front using the heatmaps. The radial depth of the bone growth front was expressed as a 
percent of the radial distance from the scaffold-defect edge (1-̃)x100%, where ̃ = r/R is the 
normalized radius, for all θ. The radial depth of the bone growth front for each group is reported 
as the average ± SE of the mean. Note that the bone growth front only marks the limit from the 
center of the scaffold where BVF(r,θ) is higher than the defined threshold; it does not give the 
absolute values of BVF(r,θ) within or beyond the contour. By implication, there can be bone in 
the center of the scaffold beyond the contour limit, but the fraction is below the 0.2 threshold for 
BVF(r,θ). Note that the bone growth front is generated from the heatmap and therefore is not 
from a single micro-CT slice, but rather from the collapsed or projected data previously 
described. 
Finally, the bone volume fraction as a function of normalized radius, (̃), was 
calculated to assess the homogeneity of the bone distribution. This representation of the data 
collapses all of the 3D data onto a single curve. The radial bone volume fraction (̃) was 
determined in increments of 0.1R. (̃) is given by: (̃) = BV(̃) / MV(̃), where BV(̃) 
and MV(̃) are the volumes of bone and macropore at ̃, respectively. The data for each group 
were fit to an exponential curve according to Equation (3.1) using MATLAB (MathWorks, 
Natick, MA), in order to compare the characteristics of the curves for the different groups.  
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(̃)=BVF(0)*exp(k*̃)                                        Equation (3.1) 
BVF(0) was the volume fraction of bone at the center of the defect, k was the growth rate of the 
exponential.  
 (̃) at all ̃ was also compared to the average bone volume fraction, , as a 
measure of the homogeneity of the bone distribution. This was done by calculating the root-
mean-square deviation (RMSD) across all ̃, of (̃)	/ 	from 1. The RMSD was averaged 
across samples within each group. Because bone grows radially from the scaffold-defect edge to 
the center in a cylindrical bone defect, (̃) is higher than  at the scaffold-defect edge 
and lower in the center. The larger the RMSD, the larger the discrepancy between (̃) and 
, and hence the less homogeneous the bone distribution.  
 
 Statistical Methods  
One-way ANOVA followed by a post-hoc Tukey’s HSD test were used to detect 
statistically significant differences between treatment groups, with a significance level of p < 
0.05 unless otherwise stated. The statistical comparisons were made using OriginPro 2016 
(OriginLab, Northampton, MA). One-Way ANOVA accounts for unequal sample numbers [58]. 
All error bars correspond to the SE of the mean to indicate the uncertainty about the value of the 
mean for each measurement [59].  
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3.3. Results 
Scaffold characterization  
Implanted scaffolds were 8 mm in diameter and 8 mm in height (Fig. 3.1A). Rods were 
nominally 400 µm in diameter with in-plane and out-of-plane center-to-center spacing of 750 µm 
and 650 µm, respectively [40]. The space between scaffold rods constitutes the macropore space 
(Fig. 3.1B). MP scaffolds had microporous rods as a result of the use of a sacrificial porogen in 
the ink [37–40,42]. The porogen gave a micropore size distribution of 5.3 ± 4.1 µm [37,40] with 
an average interconnection size of 2.2 µm [37]. NMP rods were considered solid with 
micropores (< 1 µm) caused by incomplete sintering (Fig. 3.1C). The micropores in NMP were 
not interconnected and do not generate capillarity. The scaffold material for both MP and NMP 
scaffolds had a final composition of 87% HA and 13% β-TCP, as determined by XRD [37]. 
 
Figure 3.1. Scaffold macro- and microstructure. A. Photograph of a BCP scaffold used in this study. 
Scaffolds were 8 mm diameter and consisted of alternating layers of orthogonal rods. B. Schematic 
showing a lattice of scaffold rods. So-called macropores make the space between the rods. C. Scanning 
electron micrographs of rod microstructure. Rods were either microporous (MP) or solid and non-
microporous (NMP).  
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Histological observation of bone and cells in macropores and micropores 
This section qualitatively describes the bone and cells in the macropores of scaffolds 
from all groups and in the micropores of MP scaffolds. The quantitative analysis based on micro-
CT data is presented next.  
Mineralized bone was observed in the macropores of all treatment groups (Fig. 3.2). Most 
of the bone was found in the center of macropores away from the scaffold rods, although in 
places it was apposed to the rods. In MP scaffolds, apposed bone in the macropores appears 
anchored into the rods through the presence of bone tissue in micropores (Fig. 3.2 B, D). In 
contrast, apposed bone is not anchored in NMP rods (Fig. 3.2F). NMP had less bone in the 
macropores and large amounts of fibrous soft tissue (Fig. 3.2E) compared to MP-Dry and MP-
Wet. Soft tissue in all NMP scaffolds (Fig. 3.2E) and most MP-Wet ones (Fig. 3.2D) contracted 
away from the scaffold rod surfaces. This was likely an artifact of histologic sample preparation. 
Notably, it was rarely observed in MP-Dry.  
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Figure 3.2. Tissue and cells in the scaffold macro- and micropores. Histology slices were taken at the 
center of the scaffolds. Samples were stained with Stevenel’s blue and counterstained with picro-
fuchsin. Bone was pink/red; soft tissue, osteoid, cell cytoplasm were light blue; and cell nuclei were dark 
blue. Mineralized bone (b) was observed in macropores between scaffold rods (s) for all three groups. 
Fibrous soft tissue (st) was prevalent in the center of NMP scaffolds (E). Osteoblast-like cells ( ) lined 
mineralized bone in the macropores (B, D). Osteocytes ( ) were in lacunae (B, D, F). Osteoclast-like 
cells ( ) were found on rod and bone surfaces in some areas (D). In the macropores of MP scaffolds, 
mineralized bone is anchored in rods (B, D, insets). In NMP, bone is not anchored (F, inset). Soft tissue in 
MP-Wet and NMP is contracted and frequently not in contact with the rods (C- E).  
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Bone in macropores had lacunae containing osteocytes (Fig. 3.2 B, D, F). Some lacunae 
appeared empty, suggesting that the polishing for histology removed the osteocytes from those 
lacunae. Bone was lined with cells morphologically similar to osteoblasts (Fig. 3.2 B, D), 
characterized by their cuboidal shape [60]. Cells morphologically similar to osteoclasts, 
characterized by their larger size, multiple nuclei and ruffled membrane were found on rod and 
bone surfaces, likely resorbing the calcium phosphate material [60–62] (Fig. 3.3 A, B, D, E). 
Cells were abundant in the soft tissue in the macropores of MP-Dry (Fig. 3.2B). Blood vessels 
containing red blood cells (RBCs) were also observed in the macropores of MP-Dry (Fig. 3.3A). 
RBCs have a characteristic discoid shape [63] and stain uniformly due to their lack of nucleus 
[64]. In Fig. 3.3A, the average diameter of the RBCs in the blood vessel was 3.4 ± 0.8 µm. The 
presence of blood vessels indicates that extensive vasculature developed to sustain nutrient and 
waste transport in the growing bone. The soft tissue contraction in the macropores of MP-Wet 
and NMP scaffolds made it difficult to observe cells and blood vessels in the macropores (Fig. 
3.2 C-F). 
Cells were in the micropores of both MP-Dry and MP-Wet scaffolds, though the density 
was higher in MP-Dry (Fig. 3.3 B-D). It was not possible to identify the cells in the micropores. 
In MP-Dry only, some cells in the micropores appeared in aggregates (Fig. 3.3 B1, C). They 
were 3.0 ± 0.5 µm in diameter, had a uniform dark blue color, with no apparent nucleus, and 
concavities on their surface. This morphology is similar to that of RBCs seen in blood vessels in 
the macropores (Fig. 3.3A). These aggregated cells were not observed in the micropores of MP-
Wet (Fig. 3.3D). To note, no cells were observed in the rods of NMP as these samples have no 
micropores other than those (< 1 µm) caused by sintering (Fig. 3.3E). 
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Figure 3.3. Blood vessel in macropore and scaffold microstructure after implantation. (A-C) for MP-
dry, (D) for MP-Wet and (E) for NMP. A blood vessel in a macropore (A1) confirms that vasculature 
develops in implanted scaffolds. Red blood cells inside the blood vessel appear aggregated and without 
nuclei. Blue-stained cells, which are not identified, are visible within the micropores of rods (A-D). In 
contrast, there are no cells in the rods of NMP which does not have micropores (E). In MP-Dry, some 
cells appear in aggregates and are uniformly dark blue ( ) with no cell nucleus (B, C). They conform to 
the shape of surrounding cells and the pore walls (B1). Other cells in micropores are predominantly 
isolated, show an apparent nucleus, and stain lighter blue ( ). In some micropores, cells are 
surrounded by bone (B2). Osteoclast-like cells ( ), characterized by their larger size and multiple 
nuclei, are on bone (A) and rod surfaces (B, D, E).  
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Bone was observed in the micropores of MP scaffolds. Fig. 3.3B2 shows a cell in a 
micropore surrounded by bone; the cell likely synthesized bone after having migrated or having 
been drawn by capillarity through the microporous network. Bone filled some micropores that 
either do not contain cells or in which cells are buried in the bone and are not visible in the 
histologic section (Fig. 3.2B, D). 
 
Quantification of bone regeneration using segmented micro-CT data 
The segmentation algorithm processed 500 images per hour. The segmentation results 
were more than 92% accurate compared to manual segmentation, which is considered the gold 
standard [56]. A representative image demonstrating the results of the segmentation algorithm is 
shown in Figure 3.4.  
 
Figure 3.4. Representative image showing results from the automated segmentation algorithm used 
to quantify bone ingrowth in scaffold macropores. A. Original 2D micro-CT image from a 3D z-stack of 
images corresponding to a MP-Dry scaffold. In this image, we see horizontal rods from one scaffold 
layer. Mineralized bone is in the macropore space between the scaffold rods. B. Label matrix resulting 
from the segmentation of A. Scaffold pixels are white, bone pixels are light gray and soft tissue or 
background pixels are dark gray.  
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Microporosity increases the average bone volume fraction. The average bone volume 
fraction, , is one measure to compare the extent of bone regeneration across treatment 
groups. Both types of MP scaffolds, MP-Wet and MP-Dry, had a significantly higher  than 
NMP (p < 0.05). The 	for MP-Dry, MP-Wet, and NMP were 0.45±0.03, 0.37±0.03 and 
0.25±0.02, respectively, reported as the average ± SE of the mean. There was no significant 
difference in 	between MP-Dry and MP-Wet (p = 0.15), indicating that the suppression of 
capillary forces by filling the pores with PBS prior to implantation had no effect on the average 
bone volume fraction (Fig. 3.5). 
 
 
Figure 3.5. Average bone volume fraction in the scaffolds, 
. Both types of MP scaffolds had a 
significantly higher  than NMP (p < 0.05). There was no difference in  between MP-Dry and MP-
Wet (p = 0.10).  
 
	is an important measure of bone regeneration, however it is not a measure of bone 
distribution. The bone distribution in the scaffolds is an important parameter for the assessment 
of the overall efficacy of the scaffold. The distribution was evaluated for each group by 
examining the micro-CT data in three different ways: by using heatmaps to illustrate the bone 
volume fraction in the z-direction for all (x,y) (Fig. 3.6A); by quantitatively determining a bone 
growth front as a function of angle θ (Fig. 3.6B); and by collapsing all of the data onto a single 
curve of (̃) (Fig. 3.6C).  
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Figure 3.6. Quantitative evaluation of the bone distribution. A. Average heatmaps of bone volume 
fraction. The BVF(x,y) values for MP-Dry are qualitatively more homogeneous throughout the heatmap 
compared to MP-Wet and NMP. Both MP-Wet and NMP have a distinct central region with less bone, 
while the central region is less distinct for MP-Dry. B. Bone growth front. The bone growth front for 
each individual sample is shown in gray and the average for each group is in red. The growth front in 
MP-Dry extends the furthest to the center compared to MP-Wet and NMP. C. Radial bone volume 
fraction, 
(). For all groups, (̃) is higher at the scaffold-defect edge than in the center of the 
scaffold. The dashed lines correspond to the exponential fits given by Equation (3.1) and Table 3.1. D. 
Average root-mean-square deviation, RMSD, of 
() / 
 from 1 across all . RMSD is 
significantly less (p < 0.05) for MP-Dry than for MP-Wet and NMP.  
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Micropore-induced capillarity enhances the bone distribution. The average heatmaps 
(Fig. 3.6A) collapse the 3D data into a 2D image to show the spatial distribution of BVF(x,y), the 
bone volume fraction along z. In all treatment groups, BVF(x,y) is higher at the scaffold-defect 
edge than in the center of the scaffold. However, the heatmap of MP-Dry shows higher BVF(x,y) 
in the center of the scaffold compared to the two other groups. MP-Wet and NMP each show a 
large area near the center that contains little bone, and have dense bone at the periphery. While 
the heatmaps provide a quantitative representation of the bone volume fraction in z, they 
represent the data semi-quantitatively in the x,y-plane and do not fully illustrate the variation in 
individual samples or across groups. The heatmaps also show the periodic structure of the 
scaffolds relative to the ingrown bone. 
The bone growth front extends deeper into MP-Dry. The contour of the bone growth 
front for each individual sample and the average for each group are shown in Fig. 3.6B. The 
depth of the bone growth front and the shape of the resulting contour illustrate the variation in 
the radial bone growth both within each group and across groups. The average radial depth of the 
bone growth front is 83 ± 3% for MP-Dry, 54 ± 9% for MP-Wet, and 44 ± 7% for NMP, 
reported as the average ± SE of the mean. Thus the bone growth front extends significantly 
further to the center in MP-Dry than in MP-Wet and NMP (p < 0.01). However, the front is not 
significantly different in MP-Wet versus NMP. The shape and depth of the growth front have 
less variability for the MP-Dry samples. In contrast, the growth front for NMP has a larger range 
in depth and shape. The contour for MP-Wet samples is qualitatively more similar to that from 
NMP than MP-Dry in terms of depth and shape. Note that the contour defines the region of the 
scaffold where BVF(r,θ) is larger than the 0.2 threshold; therefore, there could be bone in the 
center of the scaffold beyond the contour limit, but with a BVF(r,θ) smaller than 0.2.   
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The radial volume fraction of bone is less variable throughout MP-Dry scaffolds. The 
bone volume fraction as a function of the normalized radius, (̃), was compared between 
groups (Fig. 3.6C) in order to further assess the homogeneity of the bone distribution. For all 
groups, (̃) is larger at the defect periphery than in the center, consistent with bone growth 
from the scaffold-defect edge. The parameters of the exponential fits and the corresponding R-
squared values are given in Table 3.1. BVF(0) for MP-Dry is three times higher than for MP-Wet 
and NMP, indicating that the bone volume fraction in the center of the scaffolds, i.e. at low 
values of ̃, is higher in MP-Dry. The exponential coefficient, k, for MP-Dry is nearly three times 
smaller than for MP-Wet and twice smaller than for NMP. This indicates that bone distribution is 
more homogeneous in MP-Dry, compared to the two other groups. The large gradient in the 
(̃) near the edge of the defect and the more pronounced slope of the curve for large ̃ for 
MP-Wet and NMP shows a high discrepancy between the (̃) values at the center and those 
at the edge for those scaffolds. This indicates that bone is more concentrated at the periphery of 
the scaffold than in the center in MP-Wet and NMP as compared to MP-Dry.  
 BVF(0) k R2 
MP-Dry 0.29 0.62 0.95 
MP-Wet 0.11 1.65 0.96 
NMP 0.11 1.17 0.81 
Table 3.1. Parameters of the exponential fits for the (̃) for the data shown in Fig. 3.6C. 
The radial volume fraction of bone is closer to the average bone volume fraction in 
MP-Dry. (̃) was compared to the average 	(Fig. 3.5) using the RMSD (Fig. 3.6D). The 
RMSD was significantly less for MP-Dry (0.20 ± 0.02) than for MP-Wet (0.44 ± 0.04) and NMP 
37 
 
(0.37 ± 0.05) (p < 0.05). There was no significant difference between the RMSD values for MP-
Wet and NMP (p = 0.41). The result indicates that the radial bone volume fraction was overall 
closer to the average for the scaffold, , in MP-Dry compared to MP-Wet and NMP.  
Together, the different metrics considered above, i.e. BVF(x,y), the bone growth front, 
and BVF(̃) with RMSD, all collectively show that the ingrown bone is more homogeneously 
distributed in MP-Dry scaffolds than in MP-Wet and NMP. They also show that MP-Wet and 
NMP have a similar distribution of bone relative to MP-Dry. 
 
 
3.4. Discussion 
This study investigated the effects of micropore-induced capillarity on bone regeneration 
in BCP scaffolds that were implanted in porcine mandibular defects for three weeks. To our 
knowledge, this is the first work that investigated the role of capillarity specifically for 
enhancing bone growth in vivo. The results demonstrated that microporosity increases the 
average bone volume fraction in the scaffold, but that micropore-induced capillarity alone 
enhances bone distribution.  
In the histological evaluation, bone in macropores appeared healthy and active with 
osteocytes in lacunae, osteoblast-like cells lining bone and osteoclast-like cells on bone and BCP 
rods. In MP scaffolds, bone was also found surrounding cells trapped in micropores (Fig. 3.3B2). 
Some bone in the macropores extended into the micropores (Fig. 3.2B, D). These results 
confirmed our previous findings that scaffold microstructure provides space for microscale bone 
growth, leading to an interpenetrating scaffold-bone composite at multiple length scales [37].  
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The presence of cells in the micropores can be attributed to two mechanisms based on the 
results from this study. The presence of cells in micropores of MP-Wet scaffolds suggests that 
cells have the capacity to migrate through the microporous network. The presence of more cells, 
and cells that may be RBCs, in the micropores of MP-Dry suggests that in addition to migration, 
capillary forces also draw cells into micropores. This is supported by our previous work [39]. 
Others showed that cells penetrate micropores in vitro under the influence of capillary forces in 
scaffolds dipped vertically or horizontally in cell suspensions [51–53]. In [39], we showed that 
micropore-induced capillarity operates not only in vitro to draw cells into the micropores of 2D 
substrates, but also in vivo right at the time of implantation when the dry microporous scaffold 
comes in contact with physiological fluid containing endogenous cells and biomolecules in the 
defect. In the present study, we showed that this micropore-induced capillarity mechanism 
significantly enhances bone distribution in scaffolds in vivo (Fig. 3.6).  Indeed, the presence of 
more cells in the micropores of MP-Dry suggests that micropore-induced capillary forces draw 
cells and biomolecules from the physiological fluid in the defect and distribute them not only in 
the micropores, but also in the macropores throughout the scaffold. This initial seeding of the 
scaffold macropores and micropores with native cells and biomolecules may be the reason why 
bone growth is more homogeneous in MP-Dry than in MP-Wet. In MP-Wet, the micropore-
induced capillarity was used prior to implantation to fill the macro- and micropores with PBS. 
Therefore this initial seeding of cells and biomolecules does not occur at the time of 
implantation; the pores are already filled with PBS. However, cells and biomolecules can 
migrate and diffuse, respectively, into the scaffold macro- and micropores during the three-week 
implantation time.  
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Aggregates of cells lacking nuclei were present in the micropores of MP-Dry. These cells 
stained homogeneously and had a different morphology compared to other nucleated cells in 
micropores. The size and morphology were consistent with RBCs found in blood vessels in 
macropores (Fig. 3.3A) and with published characteristics of RBCs: absence of  a nucleus and 
dimensions of 2 to 8µm [63]. When stained, RBCs can shrink in size and appear darker than 
other cells [63]. The presence of these cells leads us to hypothesize that RBCs are also drawn 
through the microporous network by capillarity and that the capillary forces are large enough to 
draw several cells simultaneously into a single micropore. This is significant because RBCs do 
not have the capacity to actively migrate since they lack a nucleus. They could not travel through 
the microporous network unless driven by an active mechanism such as capillarity. These results 
suggest that capillarity increases not only the amount, but also the variety of cells in the 
micropores. We emphasize that whether the presence of cells in scaffold micropores affects bone 
growth in the macropores is not known and needs further investigation. 
The similarity in  between MP-Dry and MP-Wet indicates that the average bone 
volume fraction is not significantly affected by the suppression of capillary forces (Fig. 3.5), 
even though the bone distribution is. The difference between MP-Dry and MP-Wet is that, at the 
time of implantation, MP-Dry have the capacity to generate capillary forces and draw fluid and 
cells into the micropores. In contrast, the capillary forces have been eliminated in MP-Wet by 
submerging scaffolds in PBS before implantation. One possibility for the similarity in  for 
these two groups is that the PBS did not saturate the entire pore space in MP-Wet. Others 
showed that air can be trapped in porous calcium phosphate scaffolds [65]. If regions of MP-Wet 
scaffolds with empty, dry micropores came in contact with the pool of blood at the time of 
implantation, they might generate capillary forces in the MP-Wet scaffold. This would decrease 
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the difference in  between MP-Wet and MP-Dry. Another explanation is that capillary 
forces may affect the bone distribution more than they affect the average bone volume fraction. 
In this case, despite the absence of capillary forces at the time of implantation, microporosity 
would still constitute an advantage that is responsible for the higher  in MP-Wet compared 
to NMP. Nutrients and osteoinductive biomolecules, including bone morphogenetic proteins, 
present in the native bone environment [66,67], may be able to diffuse in and out of PBS-filled 
macro- and micropores under the influence of concentration gradients, and the micropores would 
play a role of reservoirs for these molecules. These molecules may contribute to the higher 
	in MP-Wet compared to NMP. Biological apatite may also precipitate in the micropores 
[25], though it was not possible to observe this in this study.  
The MP-Dry treatment had a more homogeneous distribution of bone by multiple 
measures compared to MP-Wet and NMP. The less homogeneous bone distribution in MP-Wet 
and NMP compared to MP-Dry is manifested by a dense ring of bone near the scaffold-defect 
edge and a large region with little bone in the center of the scaffold (Fig. 3.6). The bone growth 
front extends further towards the center and has less variability in shape and radial depth in MP-
Dry compared to MP-Wet and NMP. The lesser variability of the bone growth front within the 
MP-Dry group indicates that capillary forces may improve the consistency of bone growth into 
the scaffolds, which is manifested through the enhancement of bone distribution. In MP-Wet and 
NMP, the higher variability of the bone growth front indicates that, in the absence of a driving 
force that homogenizes bone distribution, in this case capillarity, the amount and distribution of 
growth are less certain.  
The results of this study support our hypothesis that micropore-induced capillarity is 
responsible for the enhancement in bone distribution that we have observed in microporous BCP 
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scaffolds compared to non-microporous ones. To our knowledge, we are the first to show that 
capillary forces enhance the homogeneity of bone distribution in scaffolds in vivo. A 
homogeneous bone distribution is considered an important condition for bone implant success, 
especially in large defects. It reduces the occurrence of large empty spaces that compromise the 
mechanical properties of the implanted scaffold [41]. In addition, effective vascularization is a 
prerequisite for sustainable bone growth in the scaffold [10,13] to ensure nutrient and waste 
transport. A homogeneous bone distribution therefore implies that extensive vasculature has 
developed throughout the scaffold. Effective vascularization throughout the scaffold decreases 
the risk for tissue necrosis at the center of the defect [68].  
The higher average bone volume fraction in both types of MP scaffolds compared to 
NMP confirms and strengthens previous results obtained in smaller defects with the same 
scaffold system as was used in this work. In [38], we implanted MP and NMP scaffolds with and 
without bone morphogenetic protein-2 (BMP-2), a potent osteoinductive molecule, in 5 mm 
defects. Scaffolds containing BMP-2 in [38] would be classified as “wet” in the present study 
because the BMP-2 was incorporated via a BMP-2-saturated, liquid-gelatin suspension. With the 
increase in the defect size to 8 mm here combined with the lack of BMP-2 compared to [38], we 
expected to have smaller 	for both MP and NMP samples. However, this was not the case. 
 here was 0.42 ± 0.02 for all the MP scaffolds, MP-Dry and MP-Wet combined, and 0.25 ± 
0.02 for NMP. In [38],  was 0.39 ± 0.02 for all MP and 0.34 ± 0.02 for all NMP, irrespective 
of whether the scaffolds contained BMP-2 or not. Hence, the increase in the defect size and the 
absence of BMP-2 did not affect the  in MP samples in this study, whereas they resulted in a 
decrease in  for NMP. These results highlight the advantage conferred by microporosity in 
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BCP scaffolds for the treatment of large defects. It is not possible to compare the distribution of 
bone between this study and [38] as the distribution was not evaluated in the same way.  
Micropore-induced capillarity in BCP scaffolds clearly enhances the efficacy of bone 
regeneration by improving the homogeneity of bone distribution throughout the scaffold. This 
mechanism is especially relevant for the treatment of large, critical size defects that can be on the 
order of centimeters [69]. We showed that capillary forces in BCP scaffolds can be tailored 
through the control of scaffold microporosity [39]. Thus, scaffolds with specifically designed 
microstructures can help to direct the infiltration of cells and fluid relevant to bone regeneration 
in a way that maximizes bone ingrowth.  Ultimately, this can be exploited to guide bone growth 
in large and complex defects.  
 
3.5. Conclusions 
This study is the first to investigate the effects of micropore-induced capillarity on bone 
regeneration in vivo through the quantification of the distribution of ingrown bone in implanted 
BCP scaffolds. We showed that bone distribution was more homogeneous in MP scaffolds with 
active micropore-induced capillarity (MP-Dry) than in MP scaffolds with suppressed micropore-
induced capillarity (MP-Wet), although no significant difference was observed in the average 
bone volume fractions, , for these two groups. The radial bone distribution was not 
significantly different when comparing MP-Wet and NMP, although NMP had a lower  than 
both MP-Wet and MP-Dry. Cells and bone were found in scaffold micropores, primarily in MP-
Dry, but occasionally also in MP-Wet. It is not known whether cells in micropores influence 
bone growth in macropores. The results of this study clearly show that capillarity enhances bone 
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distribution in scaffold macropores. The result of enhanced bone distribution is especially 
relevant for the treatment of large defects where the ingrown bone must reach the center of the 
defect to ensure implant success. In future studies, designed microporosity and macroporosity in 
structural scaffolds can be used to direct or drive the blood and marrow components deep into 
the scaffold through the use of capillarity to better address regeneration in large, complex bone 
defects.  
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4. Macropore Size and Microporosity Influence the Bone Volume, Distribution and 
Trabecular Thickness in Biphasic Calcium Phosphate Scaffolds 
2
 
 
4.1. Introduction 
The research presented here investigates bone regeneration in BCP scaffolds that have 
features at the macro- and microscale. The goals of this chapter are two-fold. The first is to 
assess whether bone ingrowth can be modulated by varying scaffold features at these two length 
scales; the scaffold features considered are rod spacing, or macropore size, and rod 
microporosity. The second is to investigate the interplay between rod spacing and microporosity 
and compare the influence of those parameters on bone ingrowth throughout the scaffold.  
Figure 4.1 illustrates the structural hierarchy of the scaffold system of interest, 
progressing across length scales beginning first at the whole bone level, for a defect size of 
several centimeters (Fig. 4.1A, B). Figure 4.1B shows the defect envelope, illustrating that the 
envelope can contain domains with different structural or compositional characteristics, 
depending on the demands of the defect. In the example shown, the scaffold envelope has two 
large domains, mimicking the cortical and cancellous regions of the defect. While the structure 
of bone scaffolds must incorporate large interconnected macropores that provide space for bone 
ingrowth [10–12,26], different domains of a scaffold, at the millimeter scale, can have different 
macropore sizes (Fig. 4.1C). Within each domain, at the macro-scale (100s of microns), the 
scaffold will have a single macropore size (Fig. 4.1C). Finally, at the micro-scale (<50 microns), 
the scaffold rods themselves can be microporous (MP) or non-microporous (NMP, Fig. 4.1D), 
                                                           
2
 The results described in this chapter were submitted for publication in ACS Biomaterials Science and Engineering, 
as an invited contribution to the Special Issue entitled “Multiscale Biological Materials and Systems: Integration of 
Experiment, Modeling, and Theory”. 
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i.e. solid. In this study, we will evaluate bone regeneration in single-domain scaffolds for 
variations in macropore size (Fig. 4.1C) and microporosity (Fig. 4.1D). We will study bone 
regeneration in multi-domain scaffolds in Chapter 5.  
 
 
Figure 4.1. Structural length scales considered in the treatment of a bone defect. A. The defect site is 
highlighted at the whole bone level. B. A scaffold envelope is generated to fill the defect space. Here, 
the envelope incorporates two domains, blue and gray, that can have different porosities at the macro- 
and microscale. C. In this study, scaffolds are made of orthogonal layers of rods. The space between rods 
constitutes the macropores. Two macropore sizes “small” and “large” are considered. They can be 
combined in a multi-domain scaffold or isolated in single-domain scaffolds. D. The rods can be 
MicroPorous, in MP scaffolds, or NonMicroPorous, in NMP scaffolds.   
 
In this chapter, we compare in vivo bone growth in BCP scaffolds with different macro- 
and microstructures. We measure bone volume fraction and distribution, as was done in Chapter 
3, in MP and NMP scaffolds with different macropore sizes, “small” and “large.” We also 
investigate the effects of microporosity and macropore size on trabecular thickness and its 
variations across the scaffold. This will allow for the better design of scaffolds to target specific 
defect needs.  
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4.2. Methods  
Scaffold fabrication and characterization   
Single-domain BCP scaffolds were fabricated by directed deposition of a hydroxyapatite 
(HA) colloidal ink to generate a structure with periodic macropores, following the protocols 
described in our previous work, e.g. [38–40] and in Section 3.2. Deposited scaffolds, 12 mm in 
diameter and 8 mm in height, were sintered at 1300 °C for two hours. All scaffolds were 
machined to a diameter of 8 mm, and then autoclaved in individual sterilization pouches. SEM 
and XRD were used to image rod microstructure in the scaffolds and to determine the phases 
present in the final material, respectively, as described in Section 2.3.  
 
In vivo surgeries 
The surgical procedure is described in detail in Section 3.2. The scaffolds were implanted 
in pig mandibular defects. Scaffolds were either MP or NMP scaffolds with either “small” or 
“large” macropores (Fig. 4.1C, D). This constituted four experimental groups: MP-small, MP-
large, NMP-small and NMP-large. The number of samples was n=7 for MP-small, n=6 for MP-
large, n=8 for NMP-small and n=8 for NMP-large. The number of samples for MP-small and 
MP-large scaffolds differed from the initially planned n=8, because one MP-small and one MP-
large samples were crushed, and one MP-large was implanted in a pig that died due to post-
surgery complications. Data from these samples could not be used in the analysis.  
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Histological evaluation  
Histology was used to qualitatively examine bone growth in the macropores of the 
implanted scaffolds. Two to five scaffolds from each treatment group were embedded in PMMA 
following the method described in [57]. The detailed protocol is described in Appendix C. 
Briefly, scaffolds were successively stored in ethanol solutions of increasing concentrations from 
70% to 100%. The samples were then infiltrated under vacuum with methyl methacrylate 
(Sigma-Aldrich, St. Louis, MO). After polymerization, samples were cut with a diamond saw 
(Buehler, Lake Bluff, IL) into sections approximately 800 µm thick. Sections from the central 
region of each scaffold were mounted on microscope slides with superglue and were polished to 
a thickness of 400 µm. Slides were stained for 4 min with a solution of Sanderson’s Rapid Bone 
Stain (Surgipath, Richmond, IL) at 60 °C. The slides were rinsed in deionized water at 60 °C and 
counterstained for 1 min with acid fuchsin. The acid fuchsin was prepared by mixing 1 g of acid 
fuchsin crystals and 99 ml of glacial acetic acid (both from Sigma-Aldrich, St. Louis, MO) in 99 
ml of deionized water. The mixture was kept in the dark at room temperature. The histology 
slides were imaged with a 2.5x objective mounted on an AxioScope A1 optical microscope, with 
an AxioCam ICc3 CCD digital camera (Zeiss, Oberkochen, Germany).  
 
Micro-computed tomography imaging and image processing  
Micro-CT was used to image each of the retrieved scaffolds as described in Section 2.5. 
A custom segmentation algorithm was used to extract quantitative information on the bone 
ingrowth and distribution, as described in Section 2.6. The segmented data for each scaffold was 
reconstructed into a 3D volume for each scaffold.  
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Analysis of bone growth using segmented micro-CT data  
The amount and distribution of ingrown bone in the scaffolds were quantified from the 
segmented micro-CT data as was done in Section 3.2. They were compared across treatment 
groups.  
The average bone volume fraction in each sample, , was calculated as  = BV / 
MV where BV and MV are the volumes of bone and macropores in the scaffold, respectively. The 
values for  were reported as the average for each group ± the standard error of the mean.  
The bone distribution was quantified for the four treatment groups using heatmaps of 
bone volume fraction, the radial depth of the bone growth front and the radial bone volume 
fraction. The heatmaps of bone volume fraction were generated from the 3D z-stack of 
segmented images corresponding to each sample, as described in Section 3.2. Briefly, a 2D (x,y)-
matrix of bone volume fraction BVF(x,y) was created by calculating BVF(x,y) = BV(x,y) / 
MV(x,y) at each location (x,y) in the image stack, where BV(x,y) and MV(x,y) are the volumes of 
bone and macropores along z, respectively. The 2D matrix was then mapped to RGB values in 
order to generate a heatmap of bone volume fraction. The heatmaps were averaged within each 
group.  
The bone growth front was identified on the heatmap corresponding to each sample as 
described in Section 3.2. The bone growth front illustrates the extent of bone growth from the 
edge of the scaffold to its center in all radial directions. For each sample, a “contour” 
corresponding to the bone growth front was generated and averaged within each group. The 
radial depth of the bone growth front was averaged over all radial directions and was expressed 
as a percent of the radial distance from the scaffold-defect edge (1-̃)x100%, where ̃ = r/R is the 
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normalized radius. The radial depth of the bone growth front for each group was reported as the 
average ± standard error of the mean.  
Finally, the bone volume fraction as a function of normalized radius, (̃), was 
calculated to assess the homogeneity of the bone distribution in the scaffolds. (̃) was 
calculated in increments of 0.1R as (̃) = BV(̃) / MV(̃), where BV(̃) and MV(̃) are the 
volumes of bone and macropores at ̃, respectively. The values of BVF(̃ =0.1) and BVF(̃ =1) 
were compared across the scaffolds to assess the differences in the amount of ingrown bone at 
the center and at the periphery of the scaffolds, respectively, in the different groups. 
 
Analysis of the trabecular thickness  
The trabecular thickness of the ingrown bone in all scaffolds was quantified with Image J 
(NIH, Bethesda, MD), by applying the Local Thickness plugin[70,71] to the 3D segmented 
micro-CT data. This plugin fitted spheres within the trabeculae and assigned each pixel of the 3D 
volume a pixel value corresponding to the diameter of the largest sphere in which the pixel was 
contained. An average trabecular thickness, . ℎ, was determined for each sample by 
averaging all non-zero pixel values and the results were reported as the average ± the standard 
error of the mean for each group. In addition, the radial trabecular thickness, . ℎ(̃), was 
measured as a function of the normalized radius, ̃. This was done by averaging all the non-zero 
pixel values in concentric rings of thickness 0.1R for ̃ from 0.1 to 1.  
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Statistical Methods  
One-way ANOVA followed by a post-hoc Tukey’s HSD test were used to detect 
statistically significant differences between the treatment groups with a significance level of p < 
0.05 unless otherwise stated. A two-Way ANOVA was used to determine the influence of 
macropore size (“small” vs. “large”) and microporosity (MP vs. NMP) on the different measures 
of bone growth. The statistical comparisons were made using OriginPro 2016 (OriginLab, 
Northampton, MA). All error bars correspond to the standard error of the mean.  
 
4.3. Results 
Scaffold characterization  
This study investigates scaffolds, 8 mm in diameter, with multiscale porosity (Fig. 4.1C). 
Scaffolds are made of layers of orthogonal rods nominally 400 µm in diameter, with out-of-plane 
center-to-center rod spacing of 650 µm [40]. The in-plane center-to-center rod spacing is 
nominally 750 µm and 1050 µm for so-called “small” and “large” samples, respectively. The 
“small” and “large” notation refers to the rod spacing and therefore also to the macropore size 
(Fig. 4.1C). MP scaffolds have microporous rods as a result of the use of a sacrificial porogen in 
the ink [37–40,42]. The micropores within the rods are fully interconnected with a micropore 
size distribution of 5.3 ± 4.1 µm[37,40] and an average interconnection size of 2.2 µm [37]. 
NMP rods are considered solid, but contain some micropores (< 1 µm) that are not 
interconnected and that result from incomplete sintering (Fig. 4.1D). The material composition 
for all of the scaffolds is 87% HA and 13% β-TCP, as determined by XRD[37].  
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Qualitative histologic observation of bone morphology and distribution in the scaffolds 
Mineralized bone is in the scaffold macropores for all treatment groups, as shown by 
histologic evaluation (Fig. 4.2). In the histology images, scaffold rods are dark gray, the bone is 
pink/red, and the macropore space that does not contain bone appears bright. Scaffolds from all 
groups have dense bone at the periphery of the defect, adjacent to the native bone. In all MP 
scaffolds, irrespective of the macropore size, the bone growth front extends deeper radially from 
the defect edge to the center of the scaffold, as compared to NMP scaffolds. In MP-small 
scaffolds, the bone is homogeneously distributed across the whole scaffold and therefore the 
growth front is not as apparent. These observations are quantified using micro-CT.  
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Figure 4.2. Histology sections of the implanted scaffolds. Representative histologic sections of single-
domain scaffolds show bone (pink/red) in the macropores of all treatment groups. The macropores that 
do not contain bone appear bright. The bone growth front (dashed red line) is indicated for all samples, 
except for MP-small where the bone is homogeneously distributed across the scaffold. 
 
Micro-CT imaging and image segmentation 
Representative unsegmented and segmented micro-CT data are shown in Fig. 4.3. In the 
micro-CT images, the scaffold is bright gray; the bone is a medium gray and located between the 
scaffold rods (Fig. 4.3A). Macropore space that does not contain bone appears dark gray. Bone 
trabeculae appear thinner and more aligned with the scaffold rods in small macropore samples 
compared to large macropore ones; this is difficult to observe in histology images (Fig. 4.2) 
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because those images show scaffold rods in two directions. As in the histology data, the bone 
growth front extends more towards the center of the scaffold in MP scaffolds compared to NMP 
ones, regardless of macropore size.  
 
Figure 4.3. Representative unsegmented and segmented micro-CT images. A. Representative micro-CT 
slices of the single- and multi- domain scaffolds show the difference in the radial depth of the bone 
growth front (dashed red line) across groups. Bone appears light gray between the scaffold rods in the 
micro-CT. Bone in the samples with small macropores appears more aligned with the scaffold rods than 
in the large macropore samples. B. Representative 3D reconstructions of the segmentation data for each 
group shows bone (white) between the scaffold rods. Both the rods and the macropores that do not 
contain bone are shown in gray.  
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In the 3D reconstructions of the segmented data (Fig. 4.3B) the bone is white; the 
macropores that do not contain bone and the scaffold rods are gray. The reconstructions show 
bone in the macropores of all samples and dense bone at the periphery. Bone appears to be more 
uniformly distributed in MP-small and MP-large scaffolds, whereas NMP-small and NMP-large 
scaffolds have markedly less bone in the center.  
 
Quantification of bone volume fraction and distribution in the scaffolds 
The comparison of bone volume fraction and distribution for the four treatment groups is 
made using a one-way ANOVA (Fig. 4.4). Data are also grouped and compared according to 
whether rods are microporous or not (MP vs. NMP), irrespective of rod spacing, and according 
to their rod spacing, irrespective of the microporosity (“small” vs “large”, Fig. 4.5). Grouping the 
data in this way allows for the specific influence of rod spacing and microporosity to be 
assessed; groups are compared using a two-way ANOVA. 
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Figure 4.4. Bone distribution and growth front in the scaffolds. A. Heatmaps collapse the 3D 
segmented data into a 2D representation of the bone volume fraction in the z-direction, averaged over 
all samples in the group. The average bone volume fraction, , is indicated. B. The bone growth front 
for each individual sample is shown in gray and the average front across all samples in the group is 
shown in red. C. The radial distribution of the bone volume fraction as a function of the normalized 
radius, ̃ (* p < 0.05; # p < 0.06). 
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Figure 4.5. Influence of rod spacing and microporosity on the bone volume fraction and the bone 
distribution in the scaffolds. A. Average heatmaps of bone volume fraction for all MP and NMP 
scaffolds, irrespective of rod spacing, and for all “small” and “large” samples, irrespective of rod 
microporosity. The average bone volume fraction  is indicated for each group. B. The bone growth 
front for each individual sample is shown in gray and the average front across all samples is in red. C. 
The radial distribution of the bone volume fraction as a function of the normalized radius, ̃ (* p < 0.05; 
# p < 0.07). 
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MP have a larger bone volume fraction than NMP, irrespective of rod spacing. The 
average bone volume fraction, , is used to compare the extent of bone regeneration across 
treatment groups. The results of the one-way ANOVA show that each of MP-small and MP-large 
samples have significantly larger  than both NMP-small and NMP-large (p < 0.05), with 
 of  45 ± 3% for MP-small, 39 ± 2% for MP-large, 25 ± 2% for NMP-small and 25 ± 2% for 
NMP-large (Fig. 4.4A). The two-way ANOVA shows a significantly higher  (p < 0.05) in 
samples containing micropores, with  of  42 ± 2% over all MP samples and 25 ± 1% over all 
NMP samples, with no distinction of rod spacing (Fig. 4.5A). The rod spacing does not 
significantly influence .   is 35 ± 3% for “small” and 31 ± 2% for “large” with no 
significant difference (p > 0.1). 
While 	is an important measure of bone regeneration and is often the main measure 
reported, it does not describe the bone distribution in the scaffold. The bone distribution is 
evaluated using three different metrics obtained from the micro-CT data. The three metrics 
considered are: heatmaps that illustrate the bone volume fraction in the z-direction for all (x,y) 
(Fig. 4.4A, 4.5A); the bone growth front as a function of angle θ (Fig. 4.4B, 4.5B); and the bone 
volume fraction as a function of normalized radius, (̃) (Fig. 4.4C, 4.5C).  
Heatmaps: MP have a more uniform (x,y)-distribution of bone compared to NMP. The 
average heatmap of bone volume fraction (Fig. 4.4A) collapses the 3D data for a single group 
into a 2D image in order to show the spatial distribution of the bone volume fraction, BVF(x,y), 
along z. The periodic structure of the scaffolds is visible in the heatmaps. In all treatment groups, 
BVF(x,y) is higher at the defect edge, adjacent to native bone, than in the center of the scaffold. 
However, the heatmaps of MP-small and MP-large show higher BVF(x,y) in the center of the 
scaffold compared to NMP-small and NMP-large. NMP-small and NMP-large have a large space 
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near the center of the scaffold that contains little to no bone. The volume of the central region 
with less bone is smaller in MP-small and MP-large. Overall, MP appears to have a more 
uniform distribution than NMP, irrespective of rod spacing (Fig. 4.5A). MP-large and NMP-
large samples have more regions in (x,y) with higher density of bone in z compared to MP-small 
and NMP-small, respectively, because they have larger macropores and therefore more space for 
bone. This is apparent in Fig. 4.5A where large samples have denser bone at the periphery.  
The bone growth front extends deeper in MP than in NMP, and deeper in MP-small 
than in MP-large. The contour of the bone growth front for each individual sample and the 
average for each group are shown in gray and red, respectively (Fig. 4.4B, 4.5B). The depth of 
the bone growth front and the shape of the resulting contour illustrate the variation in the radial 
bone growth both within each group and across groups. The average depth of the bone growth 
front is 79 ± 6% for MP-small, 74 ± 6% for MP-large, 36 ± 8% for NMP-small and 46 ± 7% for 
NMP-large. The results of the one-way ANOVA show that the bone growth front extends 
significantly further to the center in each of MP-small and MP-large compared to both NMP-
small and NMP-large (p < 0.05). The growth front is further in MP-small than MP-large at a 
significance level of p < 0.06. The front is not significantly different for NMP-small and NMP-
large. The shape and depth of the bone growth front have less variability for the MP-small and 
MP-large compared to NMP-small and NMP-large. The two-way ANOVA shows that the 
microporosity in the rods influences the depth of the growth front, but rod spacing does not. The 
average depth of the growth front is 77 ± 3% for MP, significantly higher than 41 ± 5% for 
NMP, irrespective of rod spacing (p < 0.05). However, the growth front is statistically similar for 
“small” and “large” at 59 ± 6% and 56 ± 7%, respectively (Fig. 4.5B). MP samples have the least 
variability in the depth and shape of the individual bone growth fronts.  
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MP have a more uniform bone distribution than NMP; “small” scaffolds have higher 
bone volume fraction at the center. The bone volume fraction as a function of the normalized 
radius, (̃), is used to further assess and compare the homogeneity of the bone distribution 
(Fig. 4.4C, 4.5C) in the different groups. For all four groups, (̃) is larger at the defect 
periphery than in the center, consistent with the radial bone growth from the defect edge into the 
scaffold. One-way ANOVA shows that bone volume fraction at the center of the scaffold, 
BVF(0.1), is significantly higher for MP-small compared to NMP-small and to NMP-large (p < 
0.05), and compared to MP-large (p < 0.06). The curve for radial bone volume fraction shows a 
notable change in slope for NMP-small and NMP-large samples towards the scaffold edge. This 
indicates that bone is more concentrated at the periphery of those scaffolds compared to the 
center. The bone volume fraction at the defect edge, BVF(1), is not significantly different 
between the four groups (Fig. 4.4C).  
The two-way ANOVA shows that rod spacing and microporosity both significantly 
influence BVF(0.1) (p < 0.05). MP and “small” samples have a higher bone volume fraction in 
the center as compared to NMP and “large”, respectively. Microporosity influences BVF(1) at a 
significance level of p < 0.07 (Fig. 4.5C); MP has a higher bone volume fraction at the periphery 
than NMP. It is worth noting that, when comparing absolute bone volume rather than bone 
volume fraction, samples with “large” rod spacing have significantly more bone at the periphery 
than “small” samples (p < 0.05), but less bone at the center. Microporosity increases the absolute 
amount of bone in the center and at the periphery, irrespective of the rod spacing.   
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Quantification of trabecular thickness in the scaffolds 
Similar to what was done for the analysis of bone growth and distribution, the 
comparison of trabecular thickness in the four scaffold groups is done with a one-way ANOVA. 
Data are also grouped according to whether rods are microporous or not, irrespective of rod 
spacing, and according to their rod spacing, irrespective of the microporosity, and then compared 
using a two-way ANOVA (Fig. 4.6A).  
 
Figure 4.6. Trabecular thickness in the scaffolds. A. 3D reconstruction showing the trabecular thickness 
in a representative sample from each group. The average trabecular thickness, . ℎ, is given for each 
group. B. Trabecular thickness as a function of the normalized radius, ̃  (* p < 0.05; # p < 0.08; ^ p < 
0.09). 
61 
 
Trabecular thickness is larger in MP compared to NMP and in “large” compared to 
“small”. The average trabecular thickness, . ℎ, is 121 ± 3 µm for MP-small, 130 ± 3 µm for 
MP-large, 103 ± 2 µm for NMP-small and 122 ± 2 µm for NMP-large (Fig. 4.6A). The one-way 
ANOVA for the trabecular thickness shows that . ℎ is significantly smaller in NMP-small 
samples compared to all other treatment groups (p < 0.05). . ℎ is smaller in MP-small 
samples compared to MP-large at a significance level of p < 0.09. The two-way ANOVA shows 
that both rod microporosity and rod spacing have a significant effect on . ℎ. . ℎ is 
significantly larger for MP, 125 ± 2 µm, compared to NMP, 113 ± 3 µm. It is also significantly 
larger for “large” samples, 125 ± 2 µm, compared to “small” samples, 111 ± 3 µm (Fig. 4.6A).  
Trabecular thickness is influenced by rod spacing and microporosity at the scaffold 
periphery and by microporosity alone at the center. Trabecular thickness measured as a function 
of the normalized radius, ̃ (Fig. 4.6B), is higher on average throughout the scaffold in each of 
MP-small and MP-large compared to both NMP-small and NMP-large. One-way ANOVA 
shows no significant differences in trabecular thickness between the different groups at the 
center of the scaffold (Fig. 4.6B). There is a notable change in slope close to the scaffold 
periphery in the trabecular thickness curves for NMP-small and NMP-large samples, indicating 
that trabeculae are noticeably thicker at the periphery than at the center of these scaffolds. At the 
periphery, NMP-small has a smaller trabecular thickness than each of MP-large, NMP-large (p < 
0.05) and MP-small (p < 0.08). MP-small has a smaller trabecular thickness than MP-large (p < 
0.05) (Fig. 4.6B). The two-way ANOVA shows that trabecular thickness increases significantly 
in the presence of rod microporosity and a larger rod spacing at the scaffold periphery, and in the 
presence of microporosity alone at the center of the scaffold (Fig. 4.6B).  
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4.4. Discussion 
This study investigates the effects of macro-scale (100s of microns) and micro-scale (<20 
microns) structural features on bone regeneration in BCP scaffolds that were implanted in 
porcine mandibular defects for three weeks. The scaffolds are single-domain MP-small, MP-
large, NMP-small and NMP-large samples (Fig. 4.1C). The volume fraction, distribution and 
trabecular thickness of the ingrown bone are analyzed.  
The results show that in single-domain scaffolds, the presence of microporosity increases 
the average bone volume fraction, irrespective of the rod spacing. The rod spacing does not 
influence the average bone volume fraction. Microporosity also enhances bone distribution 
throughout the scaffold, and more so in MP-small than MP-large. Both the “large” rod spacing 
and the rod microporosity increase the average trabecular thickness, which is an indicator of 
bone maturity [72,73]. Microporosity increases trabecular thickness throughout the scaffold, 
while rod spacing only influences trabecular thickness at the periphery.  
The composition of the BCP scaffold material is 87% HA and 13% β-TCP. β-TCP is 
more soluble than HA [74] and its resorption has been shown to promote bone formation in vivo 
[75]. We discussed the effects of β-TCP resorption in a previous publication [37], in which the 
scaffold system used was the same as MP-small in this publication. In [37], evidence of 
resorption was not measurable by a change in the volume of the scaffold material for up to 24 
weeks after implantation. In this paper, the NMP-small scaffolds have less surface area than MP-
small due to the lack of microporosity, and scaffolds with large macropores have less scaffold 
surface because they have fewer rods. Hence, the resorption of β-TCP would be largest in MP-
small compared to all other groups, which, by this reasoning, would contribute most to 
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promoting a better bone regeneration in these scaffolds. However, since we did not have strong 
evidence of β-TCP resorption here or in [37], we did not consider this phenomenon in the present 
paper. β-TCP resorption may be important within micropores and bone formation in micropores; 
however, we were not able to detect it and have not investigated that as part of this study.    
The reported bone growth is expressed as the bone volume fraction, as we have done in 
Chapter 3. This allows for the normalization of the volume of the ingrown bone by the available 
macropore space, and to avoid the bias introduced by the larger macropore space in the “large” 
samples. For example, we note that while BVF(1) is similar for “large” and “small” samples, 
irrespective of microporosity, the absolute bone volume is larger in “large” samples at the 
scaffold periphery. However, the absolute bone volume is larger for “small” compared to “large” 
at the center of the scaffold, suggesting that “small” scaffolds are more efficacious in guiding 
bone growth from the periphery to the center of the scaffold through the use of capillary forces 
and/or through physical guidance offered by the rods themselves. In Chapter 3, we showed that 
scaffolds that use capillary forces to draw in cells and fluid at the time of implantation have a 
more uniform bone distribution and a deeper bone growth front [76]. 
Small macropore size, combined with microporosity, seems to promote the guiding of 
bone growth towards the scaffold center. In the micro-CT images (Fig. 4.3A), the alignment of 
trabeculae with scaffold rods seems more pronounced in the “small” compared to the “large” 
samples. This could explain why “small” samples, and in particular MP-small, have a higher 
BVF(0.1) at the center of the scaffolds compared to “large” ones. The proximity of the rods in 
the “small” samples may contribute to guiding bone growth towards the center by reducing the 
available space for bone to spread and coarsen. While MP-small has a higher bone volume 
fraction at the center compared to MP-large, there is no significant difference in BVF(0.1) 
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between NMP-small and NMP-large. This suggests that in addition to the effect of small 
macropores in guiding bone growth, the rod microporosity also contributes to regeneration 
towards the center, probably by capillarity as we showed in Chapter 3.  
The larger average trabecular thickness in “large” compared to “small” samples can be 
attributed to the larger macropore space in “large” samples that allows more bone to fill between 
the rods. More interesting is the influence of MP on trabecular thickness. MP increases 
trabecular thickness, irrespective of rod spacing, and this effect is prevalent throughout the 
scaffold. Since trabecular thickness is used as a measure of bone maturity and health [72,73], this 
indicates that MP scaffolds accelerate the maturation of bone compared to NMP for the same 
implantation time. Moreover, variations in trabecular thickness are detrimental to the mechanical 
properties of bone; indeed, an increase in the variation coefficient of trabecular thickness causes 
a decrease in the apparent trabecular modulus in biomechanical testing [77].  In NMP scaffolds, 
a notable change in slope is observed in the trabecular thickness at the scaffold periphery, while 
it is not as pronounced in MP scaffolds (Fig. 4.6B), suggesting that microporosity improves the 
mechanical properties of the ingrown bone by promoting a consistent trabecular thickness 
throughout the scaffold. 
 
4.5. Conclusions 
In this chapter, we analyze bone volume fraction, distribution and trabecular thickness in 
single-domain scaffolds with controlled multiscale porosity and structure at the macro- and 
microscale. We show that the bone volume fraction, distribution, and trabecular thickness vary 
with the presence of microporosity in the rods and with rod spacing. Microporosity improves the 
65 
 
average bone volume fraction and bone distribution, regardless of the rod spacing, i.e. macropore 
size. Average trabecular thickness increases in samples with the larger macropores and with 
microporous rods. Microporosity improves the maturity and mechanical properties of bone in the 
scaffold, not only by increasing the trabecular thickness, but also by improving the uniformity of 
trabecular thickness throughout the scaffold. These results suggest that structural features at the 
macro- and microscale affect different features of bone regeneration. Hence, the controlled 
design of scaffolds at these two length scales can be exploited to tailor bone regeneration for 
specific applications.  
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5. Multiscale Porosity Directs Bone Regeneration in Patterned Biphasic Calcium 
Phosphate Scaffolds 
3
 
 
5.1. Introduction 
In the previous chapters, we showed that scaffold features at the macro- and micro-scale 
affect bone regeneration in different ways. At the micron scale, we showed that micropore-
induced capillarity is responsible for a more complete osteointegration in MP scaffolds compared 
to NMP ones. Micropore-induced capillarity draws cells, and biomolecules, into scaffold micro- 
and macropores. These cells likely contribute to bone formation. At the scale of hundreds of 
microns, we saw that smaller macropore size, leads to a more uniform bone distribution 
compared to larger macropore size, probably because of the constraint imposed by the proximity 
of scaffold rods. On the other hand, larger macropores allow for larger trabecular thickness, 
which is correlated with increased bone maturity [72,73], but only at the scaffold periphery 
whereas microporosity increases trabecular thickness throughout the scaffold.  
In this chapter, tailorability of the scaffold structure at the millimeter scale allows the 
combination of domains with different macropore sizes and different microporosities within the 
same scaffold, as shown in Fig. 5.1. The goal is to demonstrate that bone growth can be directed 
by locally changing scaffold structure at the macro- and microscale within a single scaffold. We 
patterned a scaffold with domains that are MP and NMP, and of different macropore sizes in 
order to compare bone volume fraction and distribution in the different domains within the same 
defect. Each of the four domains has a macropore size and microporosity that correspond to 
                                                           
3
 The results described in this chapter were submitted for publication in ACS Biomaterials Science and 
Engineering, as an invited contribution to the Special Issue entitled “Multiscale Biological Materials and 
Systems: Integration of Experiment, Modeling, and Theory”. 
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those of a single-domain scaffold from Chapter 4. The ability to direct bone growth within large 
and load-bearing defects using scaffold patterning has the potential to improve bone scaffold 
designs that can then be customized to the specific needs of defects and patients.  
 
Figure 5.1. At the millimeter scale, the multi-domain scaffold combines four domains with “small” and 
“large” macropores, as defined in Chapter 4. Each domain is either MP or NMP.   
 
5.2. Methods 
Scaffold fabrication and characterization   
Multi-domain scaffolds, combining MP and NMP domains, were deposited in a layer-by-
layer fashion, following the protocol described in our previous work [33] and in Section 3.2. The 
same inks used for single-domain MP and NMP scaffolds were loaded in two syringes mounted 
on a rotating print head. The inks were used alternatively to deposit the MP and NMP halves of 
each layer. Deposited multi-domain scaffolds, 12 mm in diameter and 8 mm in height, were 
sintered at 1300 °C for two hours. All scaffolds were machined to a diameter of 8 mm, and then 
autoclaved in individual sterilization pouches. SEM and XRD were used to image rod 
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microstructure in the scaffolds and to determine the phases present in the final material, 
respectively, as described in Section 2.3.  
 
In vivo surgeries and histological evaluation 
The surgeries were conducted as described in Section 3.2. Multi-domain scaffolds were 
composed of four domains of different architectures corresponding to the rod spacing and 
microporosity of each of the four single-domain scaffolds described in Chapter 4. The number of 
samples was n=6. The scaffolds were retrieved three weeks after surgery as described in Section 
2.4. Histology was used to qualitatively examine bone growth in the macropores of the implanted 
scaffolds. The procedure is described in Secion 4.2.  
 
Micro-computed tomography imaging and image processing  
Micro-CT was used to image each of the retrieved scaffolds and the micro-CT images 
were processed using a custom segmentation algorithm to extract quantitative information on the 
bone ingrowth and distribution in each domain, as described for the single-domain scaffolds in 
Section 4.2.  
 
Analysis of bone growth using segmented micro-CT data  
The average bone volume fraction in each domain, , was calculated as  = BV / 
MV where BV and MV are the volumes of bone and macropores in the domain, respectively. The 
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values for  were reported as the average for each domain type (MP-small, MP-large, NMP-
small or NMP-large) ± the standard error of the mean.  
The bone distribution was quantified using heatmaps and the bone growth front. The 
heatmaps of bone volume fraction were generated from the 3D z-stack of segmented images 
corresponding to each sample, as described in Section 4.2, to generate a 2D (x,y)-matrix of bone 
volume fraction BVF(x,y) for each scaffold. The 2D matrix was then mapped to RGB values in 
order to generate a heatmap of bone volume fraction. The heatmaps were averaged across all the 
scaffolds. The bone growth front was identified on the heatmap corresponding to each sample, 
and averaged across samples as described in Section 4.2. The average depth of the bone growth 
front was measured separately in the four different domains and reported as the average ± 
standard error of the mean.  
 
Analysis of the trabecular thickness  
The average trabecular thickness, . ℎ, was determined separately for each domain as 
described in Section 4.2. The values for . ℎ  were reported as the average for each domain 
type (MP-small, MP-large, NMP-small or NMP-large) ± the standard error of the mean.  
 
Statistical Methods  
One-way ANOVA followed by a post-hoc Tukey’s HSD test were used to detect 
statistically significant differences between the different domains with a significance level of p < 
0.05 unless otherwise stated. A two-Way ANOVA was used to determine the influence of 
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macropore size (“small” vs. “large”) and microporosity (MP vs. NMP) on the different measures 
of bone growth. Unpaired t-tests were used to compare the average volume fraction of bone in 
the different domains of multi-domain scaffolds to that in their single-domain counterparts as 
reported in Chapter 4. The statistical comparisons were made using OriginPro 2016 (OriginLab, 
Northampton, MA). All error bars correspond to the standard error of the mean.  
 
5.3. Results 
Scaffold characterization  
The multi-domain scaffolds used in this chapter are 8 mm in diameter, with multiscale 
porosity (Fig. 5.1). Scaffolds are made of layers of orthogonal rods nominally 400 µm in 
diameter. The domains were designed to have the same macropore characteristics as the single-
domain scaffolds characterized in Section 4.3. However, manufacturing defects due to the 
scaffold deposition technique disrupted the periodic geometry of the scaffolds and reduced the 
macropore space in the “small” domains. MP domains have microporous rods with a micropore 
size distribution of 5.3 ± 4.1 µm [37,40] and an average interconnection size of 2.2 µm [37]. 
NMP rods are considered solid, but contain some micropores (< 1 µm) that are not 
interconnected and that result from incomplete sintering (Fig. 5.1). The material composition for 
all of the scaffolds is 87% HA and 13% β-TCP, as determined by XRD [37].  
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Qualitative histologic observation of bone morphology and distribution in the scaffolds 
Mineralized bone is in the scaffold macropores in all domains, as shown by histologic 
evaluation (Fig. 5.2A). In the histology image, scaffold rods are dark gray, the bone is pink/red, 
and the macropore space that does not contain bone appears bright. The depth of the bone front 
differs across domains. Rods in the MP domain are darker than those in the NMP domain 
because micropores in MP rods contain cells that are stained blue, as we showed in our previous 
works [37,42,76] and in Chapter 3. These observations are quantified using micro-CT.  
 
Figure 5.2. Histologic section (A) and micro-CT image (B) of representative multi-domain scaffolds. 
Bone (pink/red in A and light gray in B) is observed in the macropores of all domains. The bone growth 
front (dashed red line) is extends furthest in MP-large. In B, the NMP rods appear brighter than the MP 
ones because they are denser. 
 
Micro-CT imaging and image segmentation 
A representative unsegmented micro-CT image of a multi-domain scaffold is shown in 
Fig. 5.2B. In the micro-CT image, the scaffold is bright gray; the bone is a medium gray and 
located between the scaffold rods (Fig. 5.2B). The MP rods appear darker than the NMP ones 
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because they are microporous and therefore less dense; higher density materials appear brighter 
in the micro-CT images. Macropore space that does not contain bone appears dark gray. 
Manufacturing defects that formed during scaffold deposition are visible. As in the histology 
data, the depth of the bone growth front is noticeably different between domains.  
 
 
Quantification of bone volume fraction and distribution in the multi-domain scaffolds 
A one-way ANOVA is used to compare  and the depth of the bone growth front in 
the four domains of the scaffolds and then a two-way ANOVA determines the influence of rod 
spacing and microporosity on these bone growth metrics.  
Rod spacing and microporosity both affect average bone volume fraction in the 
domains. The average bone volume fraction, , for each domain of the multi-domain samples 
is: 21 ± 4% for MP-small, 34 ± 3% for MP-large, 10 ± 2% for NMP-small and 19 ± 2% for  
NMP-large (Fig. 5.3A). The one-way ANOVA shows that MP-large domains have a 
significantly higher  compared to all other domains (p < 0.05). MP-small have a 
significantly higher  than NMP-small (p < 0.08). Interestingly,  is significantly different 
for both the MP-small and NMP-small domains when compared to their single-domain 
counterparts (Fig. 4.4, p < 0.01). On the other hand, both MP-large and NMP-large domains have 
similar  values compared to the single-domain MP-large and NMP-large scaffolds, 
respectively.  is 28 ± 3% for MP, 14 ± 2% for NMP, 15 ± 3% for “small” and 27 ± 3% for 
“large”. The two-way ANOVA shows that both rod spacing and microporosity influence . 
 is significantly higher in MP compared to NMP and in “large” compared to “small” 
domains (p < 0.05).  
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Figure 5.3. Bone growth and distribution in the multi-domain scaffolds. A. Average heatmap of bone 
volume fraction for the multi-domain samples. The average bone volume fraction  is indicated for 
each domain. B. The bone growth front for each individual sample is shown in gray and the average 
growth front across all samples is in red. The average depth of the bone growth front is indicated 
separately for each domain. C. Average trabecular thickness for each domain (* p < 0.05, # p < 0.08).  
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Heatmap: MP-large domains have a more uniform (x,y)-distribution of bone volume 
fraction compared to all other domains. The average heatmap of bone volume fraction for the 
multi-domain scaffolds (Fig. 5.3A) shows dense bone at the periphery of the MP-large and 
NMP-large domains. The bone appears to extend further towards the center in MP-large 
compared to NMP-large. Notably, small macropore domains show little to no bone, which is 
inconsistent with the results of their single-domain counterparts. This is likely due to 
manufacturing defects resulting from the scaffold deposition procedure. These manufacturing 
defects not only make the macropore space irregular relative to that in the single-domain 
samples, but also reduce the available macropore space, in particular in the “small” halves and at 
the center of the multi-domain scaffolds (Fig. 5.2). 
The depth of the bone growth front is influenced by rod spacing alone. The one-way 
ANOVA does not detect any significant differences in the average radial depth of the bone 
growth front in the four different domains. The average depth of the bone growth front is 10 ± 
7% for MP-small, 28 ± 7% for MP-large, 7 ± 4% for NMP-small and 20 ± 6% for NMP-large 
(Fig. 5.3B). When grouped according to rod microporosity or spacing, the average depth of the 
bone growth front is 19 ± 6% for MP, 13 ± 4% for NMP, 9 ± 4% for “small” and 24 ± 5% for 
“large”. The two-way ANOVA shows that rod spacing affects the radial depth of the bone 
growth front, with “large” domains having a significantly deeper bone front compared to “small” 
ones (p < 0.05). Rod microporosity does not affect the bone growth front (p > 0.1). In single-
domain scaffolds, it is the microporosity, not the macropore size, that influences the depth of the 
bone growth front (p < 0.05) as reported in Chapter 4 (Fig. 4.5). Again, this inconsistency in the 
results for the domains of the multi-domain scaffolds compared to their single-domain 
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counterparts is likely due to the structural manufacturing defects that are present in these more 
complex scaffolds. 
 
Quantification of trabecular thickness in the multi-domain scaffolds 
Rod spacing affects trabecular thickness; microporosity does not. The average 
trabecular thickness, . ℎ, for each domain is: 90 ± 7 µm for MP-small, 110 ± 6 µm for MP-
large, 82 ± 4 µm for NMP-small and 102 ± 8 µm for NMP-large (Fig. 5.3C). A one-way 
ANOVA shows no significant differences between domains, except between MP-large and 
NMP-small (p < 0.05). When grouped according to rod microporosity or spacing, the average 
trabecular thickness, . ℎ is 100 ± 5 µm for MP, 92 ± 5 µm for NMP, 86 ± 4 µm for “small” 
and 106 ± 5 µm for “large”. A two-way ANOVA shows that the rod spacing, not the 
microporosity, affects trabecular thickness in the multi-domain scaffolds. In Chapter 4, we saw 
that both macropore size and microporosity affect the average trabecular thickness in single-
domain scaffolds.  
 
5.4. Discussion 
This study investigates the effects on bone regeneration of combining macro- and 
microscale structural features within a single BCP scaffold. We use multi-domain scaffolds 
combining the architectural features of all the single-domain samples defined in Chapter 4, MP-
small, MP-large, NMP-small and NMP-large samples (Fig. 5.1). We analyze the volume 
fraction, distribution and trabecular thickness of the ingrown bone.  
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MP-large domains have the largest bone volume fraction and MP-small domains have a 
larger bone volume fraction than NMP-small. Both rod spacing and microporosity influence the 
average bone volume fraction, but macropore size alone influences the bone distribution and 
trabecular thickness.   
No significant difference is detected from the comparison of the depth of the bone growth 
front in the different domains of the multi-domain samples, inconsistent with the enhanced bone 
distribution that was observed in this work and in our previous works in MP scaffolds compared 
to NMP [37,38,76]. The rod spacing, not the microporosity, influences the depth of the bone 
growth front, as shown by the two-way ANOVA. The bone growth front and the trabecular 
thickness both depend on the spatial organization of the macropores, which is affected by the 
manufacturing defects observed in Fig. 5.2A and B. Indeed, scaffold material fully blocking or 
partially obstructing macropores affects the local detection of the bone growth front, and 
constitutes a physical barrier that can hinder the development of trabeculae. Therefore, the 
disruption of the spatial organization of the macropores in the multi-domain scaffolds makes the 
comparison of the bone growth front and the trabecular thickness between domains of the multi-
domain scaffolds and the single-domain scaffolds difficult. Furthermore, the obstruction of 
macropores might have hindered bone growth in the “small” halves of multi-domain scaffolds, 
which would explain why rod spacing influences the average bone volume fraction in the multi-
domain scaffolds, and not in the single-domain scaffolds. Nonetheless,  is the measure most 
relevant for the comparison between domains of the multi-domain scaffolds and their single-
domain counterparts because, unlike the bone growth front and the trabecular thickness, it does 
not depend on the organization of scaffold macropores. Indeed, it is the total bone volume 
normalized by the total macropore space in the scaffold, and in Chapter 4, we saw that it is only 
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affected by microporosity, not macropore size. The similarity in the  of the MP-large and 
NMP-large domains with that in their single-domain counterparts is interesting because the 
macropores in the domains with large macropores are not obstructed and are therefore more 
accessible to bone growth. Moreover, the average bone volume fraction does not depend on the 
spatial organization of the macropores, but only on the accessibility of the macropores, since it is 
a measurement of the total bone volume in the domain normalized by the macropore volume. 
Therefore, the similarity in the average bone volume fraction between the domains with large 
macropores and their single-domain counterparts suggests that the efficacy of single-domain 
scaffolds is conserved when their architectures are combined in adjacent domains of the same 
scaffold. In other words, this result suggests that bone regeneration in a domain of a multi-
domain scaffold is not influenced by bone growth in adjacent domains. This further suggests that 
patterning scaffolds with domains of different architectures may allow to direct bone 
regeneration in complex defects. This is made possible by the development of fabrication 
techniques for the customization of BCP scaffold structures and the combination of different 
materials and structures within the same scaffold as we showed in our previous work [34]. 
 
5.5. Conclusions 
In this chapter, we analyze bone volume fraction, distribution and trabecular thickness in 
multi-domain scaffolds that combine the macro- and micro-structural features of the single-
domain scaffolds described in Chapter 4. The average bone volume fractions in the MP-large and 
NMP-large domains in multi-domain samples are comparable to those of their single-domain 
counterparts, despite manufacturing defects that influence the outcome for the “small” domains. 
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The result suggests that the bone regeneration in domains of multi-domain scaffolds would be 
predictable and not influenced by neighboring domains. Combining domains with different 
architectures at the macro- and micro-scale in a single scaffold hence provides a means of 
controlling bone growth – in terms of the volume fraction, the distribution and the trabecular 
morphology. This can be exploited to address the specific needs of a particular defect site or 
anatomy. This work has implications for the effective clinical treatment of large and load-bearing 
bone defects through the improved design of customized scaffolds that can be patterned with 
structurally different domains in order to offer bone repair solutions adapted to the needs of each 
patient.   
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6. Conclusions and Future Perspectives 
 
In this work, three length scales are considered in the design of bone scaffolds, starting at 
the micron scale up to the millimeter scale. At the micron scale, we show for the first time that 
micropore-induced capillarity is responsible for improving the bone distribution, and particularly 
the depth of the bone growth front, in MP scaffolds compared to NMP. Our scaffolds address the 
issue of incomplete osteointegration and the risk of necrosis at the center of the scaffold by 
enabling a uniform bone distribution through micropore-induced capillarity. Capillarity 
generated by scaffold micropores had been demonstrated in vitro by us and others, but its effects 
on bone regeneration had not been verified in vivo. At the scale of hundreds of microns, we show 
that macropore size and microporosity affect bone regeneration in different ways and that their 
effects can be combined to optimize not only bone distribution,  but also trabecular thickness 
which is a measure of bone maturity [72,73] and influences mechanical properties [77]. 
Macropore size influences trabecular thickness and bone volume at the scaffold periphery, 
whereas microporosity influences trabecular thickness and bone distribution throughout the 
scaffold. Finally, at the millimeter scale, we show that domains with different architectures at the 
macro- and micro-scale affect bone regeneration independently of each other. Therefore, 
combining such domains within a single scaffold allows to direct, predict and optimize bone 
regeneration in order to meet the needs and requirements of specific bone defects. We previously 
showed that the material system used in this work can be used to fabricate scaffolds with 
complex shapes that incorporate multiple domains [34]. This work has strong implications for 
the improved design of bone scaffolds that improve osteointegration and direct bone growth in 
defects with complex geometries.  
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Building on the results presented in Chapters 3, 4 and 5, we can exploit the structural 
properties of BCP scaffolds at the millimeter down to the micron scales to direct bone 
regeneration. For example, scaffolds designed with rods oriented towards the center of the 
scaffold will promote the directionality of bone growth from the periphery to the center, along 
the rods. In this design, the macropore space will be larger at the periphery and smaller at the 
center. This will allow for thicker trabeculae and a larger bone volume at the periphery to 
provide better mechanical stability of the implanted scaffold. The rods, microporous at the center 
of the scaffold, can be made solid, or less microporous, at the periphery for better mechanical 
strength to avoid damage from insertion of the scaffold into the defect at the time of 
implantation. This will be useful only if the design of the scaffold is such that it puts the 
microporous part of the rods at the center in contact with the physiological fluid in the defect at 
the time of implantation, so that capillary forces can draw fluid into macro- and micropores. The 
microporosity of rods will promote bone distribution and increase trabecular thickness in the 
center of the defect. 
The experimental data we have gathered from our studies can be used as guidelines for 
scaffold design and to quantitatively predict the features of bone regeneration. For example: 
- Trabecular thickness is around 120 µm at the periphery of NMP-large and around 80 µm 
at the center of MP-small (compared to only 62 µm at the center NMP-small, Fig. 4.6B). 
Based on the curve for trabecular thickness distribution (Fig. 4.6B), the design of the 
scaffold can be tailored to minimize variations in trabecular thickness that are detrimental 
to the mechanical properties of bone [77].     
- If scaffolds are designed with an outer NMP shell and a MP core, bone distribution can 
be optimized by looking at the (̃) curve and identifying the drop in slope for NMP 
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at about ̃ ≈ 0.8 (Figure 4.4C). The NMP shell can then extend from the periphery to that 
particular radial position and the rest of the scaffold from ̃ ≈ 0.8 to the center can be 
made of MP material with decreasing macropore size to ensure complete osteointegration 
by guiding the bone front to the center of the scaffold.  
This work has great potential for the customization of scaffold design to better address 
the increasing demand for bone repair solutions. The ability to fabricate BCP scaffolds with 
complex geometries allows to target a range of bone defect sizes and shapes. The control of 
scaffold features at different length scales and of their influence on the different features of bone 
regeneration is key for the development of improved solutions that target the specific needs of 
large and load-bearing bone defects. The scaffold system studied in this work allows the tailoring 
of scaffold structure to enable a more complete osteointegration in large defects. This scaffold 
system is also adapted for use in load-bearing defects because it has good mechanical properties 
before and after implantation [41].   
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Appendix A: Micro-Computed Tomography Procedure 
 
After the implanted scaffolds are retrieved from the pig mandibles, they are imaged using 
micro-computed tomography (micro-CT). The scanner used in this work is the MicroXCT-400 
scanner (Xradia, Inc., CA) available in the Micro-Computed Tomography suite at the Beckman 
Institute at the University of Illinois at Urbana-Champaign. The following steps detail the 
protocol used for scanning one sample.  
- First, mount the sample on a sample holder using appropriate double-sided tape to 
ensure that the sample is well centered and stable on the holder. The stability of the 
sample is important to avoid sample movement relative to the sample holder while 
the holder is rotated during the scanning procedure, thus avoiding blurry images.  
 
- Place the sample holder inside the scanner.  
 
- Turn on the auxiliary black screen on the side of the workstation. This renders the 
display of a camera inside the scanner and allows to view the sample after the scanner 
doors are closed. Turn on the light switch located on the black screen to make the 
sample visible.  
 
- Log into the workstation connected to the scanner, and open the XM Controller 
software to conduct the scanning procedure.  
 
- Ensure that the scanner doors are closed. Turn the X-ray beam on; if the scanner has 
not been used for several hours, the X-ray source will take about 20 minutes to age 
and turn on. For safety reasons, the X-ray source will not turn on if the doors are not 
closed. Once the source is on, the machine locks the doors and the red light on top of 
the scanner turns on. Any attempts to open the scanner door will result in the source 
turning off.  
 
- Select the 0.5x magnification lens. Higher magnification lenses would provide a 
better resolution, but would not allow imaging of the whole sample.  
 
- Fix the source settings as follows: 80 kV voltage and 8 W power. Then press ON. 
 
- Use the joystick icon to move the sample holder so that the sample is roughly aligned 
between the X-ray source and detector. Fix the distance between the detector and the 
sample (Detector-RA) at 80 mm and the distance between the source and the sample 
(Source-RA) at -65 mm.  
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- Refine the alignment of the center. 
 
o Use the gear icon to control the camera settings. For the sample positioning 
procedure, use the continuous mode with exposure time of 1 second, binning 
of 2 and start the acquisition. A window with an X-ray image should open and 
it will be refreshed every second.  
o Select the arrow in the annotation tools. Find the coordinates of the central 
point of the sample by passing the arrow over the X-ray image. The 
coordinates appear at the bottom of the image as you move the arrow.  
o Enter these coordinates in the joystick tab as the x and y coordinates for the 
angular position of 0o. 
 
- Ensure the sample will stay in the field of view while it is rotated.  
o In the joystick tab, rotate the sample to -90o. Once the rotation is completed, 
use the lines in the annotation tools to mark the position of the edges of the 
sample on the left and right.  
o Then, rotate the sample to 90o and mark the position of the edges of the 
sample on the left and right.  
o The two sets of lines should be shifted relative to each other. Using the ruler 
in the annotation tool menu, measure this shift, and enter half of this distance 
as the step by which to change the z coordinate to the left or to the right as 
appropriate so that the sample on the image moves to the middle of the two 
sets of lines.  
o Double-check that the whole sample stays in the field of view by rotating the 
sample again to -90o. 
 
- CHANGE THE ROTATION BACK TO 0o. This is important so that the sample is 
correctly scanned in the subsequent steps.  
 
- Stop the camera. 
 
- Use the gear icon to change the camera settings to single mode, binning of 1 and a 2 
second exposure time. In the information tab of the annotation tool menu, you will 
see that the pixel size is now about 12 microns.   
 
- In the annotation tool menu, select the recipe location tool, center it on your frame, 
click. A box will appear where you will select to “Clear existing locations and Add 
the point to tomo location set” and press OK.  
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- Use the recipe icon to select the scanning parameters.  
o Click on Add list of tomo locations.  
o Reconstruction: collect reference but no auto recon 
o Check that the source and camera settings are correct, as specified in the 
previous steps: 80 kV, 8W, single mode, binning of 1 and exposure time of 2 
seconds.  
o Check that the magnification lens is 0.5x and that the detector and source 
distances are as previously set: 80 and -65 mm respectively.  
o Acquisition: leave the angles as they are and determine the number of images 
needed for your angular step, using the formula:  
number of images = (max angle - min angle)/angular step + 1. 
For example, for an angular step of 0.25o, if the angular field is set from -101o 
to 101o, the number of images needed is (101-(-101))/0.25 + 1= 809 images. 
o Indicate the location where you want your data saved using Browse, and name 
your file in File base name.  
o Click on Run current recipe.  
o A warning box will pop up. Click OK.  
o The scanning starts and the timer starts counting down for a total scanning 
time of about 2 hours.   
 
- When the scanning is finished, the red light on top of the scanner turns off. Close the 
program. You do not need to save any images. Your data is safely stored in the 
location indicated before you ran the recipe. Take your sample back and store it 
appropriately.  
 
The micro-CT data then needs to be reconstructed. This is done using the XM 
Reconstructor program available on the workstation and following the steps described below. 
- Open the saved micro-CT data in XM Reconstructor. A first window appears that 
contains the scanned data.  
- Click on the Rotation/Beam hardening icon and press OK to find the rotation center. 
A second window pops up that displays a series of 21 images. Scroll through the 
images and pick the image that shows the least shadows and tailing at sharp edges. 
Once you choose the best image, look up the value of the parameter in the top left 
corner of the image; this value is a number between -10 and 10 and corresponds to the 
rotation center parameter.  
- Click on the first window that you opened in the program. Then click on the gear 
icon. Enter the parameter you chose in the previous step in the Center shift field. 
Name your output file, for example filename_recon. Click OK. 
- Start the reconstruction by clicking on the icon displaying a “green ball in a box”. 
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Finally, you will want to convert your reconstructed micro-CT data to a format that you 
can use on Amira or other image processing software.  
- Reduce the data size to make it easier to manipulate.  
o In XM Controller, open the reconstructed data and select to load it as Volume 
Viewer file.  
o Using the rectangle in the image controls menu, select the region of interest 
(whole scaffold or part thereof as appropriate). The smaller the region of 
interest, the lighter the final data, so make sure to exclude any unnecessary 
background.  
o Select Process > Crop in the toolbar menu. A box pops up. Select Unsigned 
short. Label the data, for example as filename_recon_crop. 
 
- In XM 3D Viewer, open the cropped data file and generate OOC. This format is 
compatible with Amira.  
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Appendix B: Processing Micro-CT Data to Quantify Bone in Scaffolds Implanted in vivo 
 
The micro-CT data generated from each scaffold (see Appendix A for details on the 
procedure) is processed to extract quantitative data to characterize bone growth in the scaffold 
macropores. The micro-CT data is loaded onto Amira® (version 5.5.0 - FEI Visualization 
Sciences Group, Bordeaux, France and Zuse Institute Berlin, Germany) for pre-processing. Then 
a custom algorithm designed on MATLAB® (R2012a, 1994-2014 The MathWorks, Inc.) is used 
to segment the micro-CT images.  
 
1. Segmentation of stacks of micro-CT images 
Most figures in this section correspond to the processing of images from pig2wiscRP, a 
“MP-small” scaffold, implanted in a pig mandible for three weeks. The segmentation protocol 
includes three major steps: (i) pre-processing to condition the data for automated segmentation, 
(ii) automated segmentation and (iii) post-processing to extract the segmented data and obtain 
quantitative results.   
 
(i) Pre-processing on Amira
®
 
The OOC file generated by the micro-CT imaging procedure (see Appendix A) is loaded 
onto Amira® and the data is converted into a stack of 2D tiff images. Each scaffold yields a stack 
of 400-500 images. After the data is loaded on Amira, an orthoslice display renders the image in 
Fig.B1.  
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Figure B1. Amira interface showing an orthoslice of the scaffold. The user can span through orthoslices along the height of the scaffold using 
the cursor circled in red. The scaffold was partly sectioned by the trephine during retrieval from the pig mandible. 
Due to the orientation of the scaffold in the mandible and the sample positioning in the 
scanner, the image in Fig.B1 shows a transverse layer of the “tilted” scaffold. This is why rods in 
the center appear broken. The scaffold orientation must be adjusted so that orthoslices show 
layers of entire rods that are all either vertical or horizontal. This is important to: (i) determine 
whether rods are actually broken or not, (ii) observe the influence of rod orientation on the 
direction of bone growth and (iii) use the scaffold geometry in the subsequent automated image 
processing. Also, the scaffold must be isolated from the surrounding bone to restrain the analysis 
to the defect region.  
 
a. Adjustment of scaffold orientation  
To adjust the scaffold orientation, an isosurface comprising the scaffold must be created. 
In LabelField, on Amira, 8-10 labels are placed along the length of the scaffold as shown in 
Fig.B2. 
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Figure B2. In LabelField, with the “Four Viewers” display, labels are placed along the length of the scaffold. The paintbrush tool is used in 
“Square” mode and with the chosen size to place square labels centered on the “Current slice” in the top left quadrant. Each label is made 
permanent (and turns from red to purple) by pushing the  button. Labels previously made permanent are seen in the bottom left and 
top right viewers. 
 
Once all labels are placed, they collectively constitute the “inside” material of the sample. 
All the material between the slices also has to be included in this “inside” material group. The 
procedure is illustrated in Fig.B3 and Fig.B4.  
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Figure B3. By selecting “All slices” (circled in red) and pushing the “Select” button for the “inside” material, all the labeled slices are selected. 
Interpolating (as shown at the top of the image) allows to include all slices in between those labeled slices as “inside” material too. The 
interpolation result is shown in Fig.B4.
 
Figure B4. Interpolation takes about one minute and selects the regions between each pair of consecutive labeled slices. The selection is 
made permanent by pushing the  button. 
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Once the “inside” region is permanently selected, clicking on  takes the user back to 
the “object pool”. An isosurface is created using the interpolated labels as shown in Figure B5.  
 
 
Figure B5. Using the interpolated labels, a “CastField” is computed, that transforms the graphic labels into digital data. An isosurface is 
created with the threshold (cursor circled in red) somewhere in the middle. It can be rotated in the viewing window when the “Trackball” 
mode   is selected. 
 
Then, two sets of “LocalAxes” are displayed. One corresponding to the original set of 
data, and the other to the labels represented by the isosurface. The set of axes corresponding to 
the data is considered as the global, absolute set of axes. The other set of axes is rotated until the 
top and bottom slices of the isosurface are on top of each other (Fig.B6).  
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Figure B6. The set of axis corresponding to the isosurface (indicated by the white cubes) is rotated relatively to the set of axis corresponding 
to the original data (no white cubes). The rotation coordinates in the dialog box corresponding to the isosurface (circled in red) are saved and 
applied to the original data. The rotated set of data is shown in Fig.B7. 
When this rotation is achieved, the “rotation” coordinates of the second set of axes are 
saved and applied to the original set of data (Fig.B7). 
 
Figure B7. The global rotation allows a better display of rods, but needs to be fine-tuned. 
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To obtain slices with vertical and/or horizontal rods, the rotation needs to be fine-tuned. 
This is done in the dialog box of the Transform Editor of the data (Fig.B8). The data is viewed as 
an orthoslice and rotations are saved by “ApplyTransform”. The rotations are effected on the 
orthoslices according to the following rules: 
- To rotate the data clockwise, type “1” in the rightmost box 
- To push left of orthoslice into screen, type “1” in the middle box 
- To push bottom of orthoslice into screen, type “1” in the leftmost box 
 
 
Figure B8. Dialog box to fine-tune the rotation of the data set. The rotation is controlled by the boxes in the “Rotation” section. 
Slices of the rotated scaffold are shown in Fig.B9. Since the scaffold was sectioned at 
retrieval, the rotation was made so that the upper half is as intact as possible. We will only use 
the upper half of the scaffold for the analysis, assuming that growth is homogeneously 
distributed in each slice.  
 
Figure B9. Slices of the rotated scaffold. 
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b. Scaffold isolation 
The scaffolds that were implanted were 8mm in diameter and the trephine used to extract 
them had an interior diameter of 10mm, hence some bone surrounds the scaffold in the extracted 
samples. The next step is then to isolate the scaffold from the surrounding bone. This defines the 
defect as the Region of Interest (ROI).  
In LabelField, the paintbrush tool is used in “Circle” mode, with the appropriate size. 
Labels are placed along the length of the scaffold as shown in Fig.B10.  
 
Figure B10. Selecting the ROI to isolate the scaffold from the surrounding bone. 
 
As done in Fig.B3 and Fig.B4, the labels are interpolated to select the whole cylinder, 
and the selection is made permanent. This creates a “label” object in the Object Pool. 
Multiplying this object by the original data set gives the result shown in Fig.B11: a scaffold that 
is isolated from the surrounding bone.  
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Figure B11. ROI isolated from surrounding bone. 
The result is saved as a stack of 2D TIFF files.  
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(ii) Automated segmentation using MATLAB® 
The TiFF files are converted to grayscale images and processed one by one in 
MATLAB® (R2012a, 1994-2014 The MathWorks, Inc.) using a custom-designed segmentation 
algorithm. The corresponding codes are given at the end of Appendix B. This sub-section will 
describe the successive processing steps conducted by the algorithm. To illustrate those steps, 
images corresponding to the processing of pig2wiscRP-final.0182.tif are shown.  
The algorithm determines the orientation of the rods in the image being processed. 
This is illustrated in Fig.B12. The original image is multiplied by a vertical filter (column vector) 
or a horizontal filter (row vector). The sum of the pixels in each column and row of the filtered 
images is computed to detect patterns. Two parameters, with initial value of 0, are created for 
each image: scaffver and scaffhor; scaffver=1 in the presence of vertical rods; scaffhor=1 in the 
presence of horizontal rods. 
 
 
Figure B12. Determination of scaffold orientation. 
 
The algorithm removes the noisy background from the image and adjusts 
brightness and contrast. This is done by morphological top-hat filtering followed by gamma 
correction (Fig.B13b). Due to the variability of brightness and contrast between samples, the 
filters parameters had to be chosen for each different scaffold.  
scaffver=1 
scaffhor=0 
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The algorithm finds the threshold above which grayscale values are attributed to 
scaffold pixels. The algorithm spans the grayscale values to find a threshold that minimizes 
within-group variance.  
The algorithm removes the rods from the adjusted image. The scaffold threshold, 
found automatically in a previous step, is used to remove all scaffold pixels from the image, to 
facilitate the subsequent automatic determination of the threshold corresponding to bone 
(Fig.B13c).  
Figure B13. A: Original micro-CT image. B: Adjusted image (top-hat and gamma filtering). C: Rods removed from adjusted image. 
The algorithm finds the threshold above which grayscale values are attributed to 
bone pixels. The algorithm spans the grayscale values to find a threshold that minimizes within-
group variance. This is applied to the image without rods (Fig.B13c). A gamma filter might be 
applied before this step to increase contrast.  
The algorithm labels pixels. In the image without rods, the algorithm changes the values 
of pixels inside the ROI – those outside the ROI keep a value of 0. Pixels with values below the 
bone threshold take the value 1 (background and soft tissue), pixels with values above the bone 
threshold take the value 2 (bone ingrowth), and pixels with value of 0 take the value 3 (scaffold 
rods). The labeled image is shown in Fig.B14. 
 
Figure B14. A: Original micro-CT image. B: Labeled image: in the ROI scaffold pixels are shown in white, bone pixels in light gray and 
background pixels in dark gray.  
A B C 
A B 
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Different scaffolds, even of the same group, i.e. with the same manufacturing parameters, 
have very unique defects that must be accounted for in the segmentation procedure. Indeed, some 
scaffolds have broken rods due to manufacturing defects or to the implantation technique that 
consists of press-fitting the (fragile) scaffolds into drilled bone defects. Also, the algorithm 
described above, accounts for vertical and horizontal rods in images, but not for shadows of rods 
in transition images, i.e. in images where the orientation of the rods starts changing. To account 
for these features, a subsequent “segmentation refining” algorithm is applied.  
Correction of punctual grayscale changes. Some punctual grayscale changes due to 
manufacturing defects, breakages or simply to brightness fluctuations might cause labeling 
errors. This can be fixed by comparing the values of neighboring pixels. This allows to correct 
for defects as shown in Fig.B15. Also, the digital filtering of images to adjust brightness and 
contrast prior to segmentation cause some background noise to appear as “grains” that are 
mistakenly labeled as scaffold pixels. These can be seen in the center of Fig.B16B and B16C and 
are corrected in Fig.B16D. 
 
Figure B15. Left: Initial labeling as shown in Figure B14. Right: Boxes A and B define the regions shown on the right where punctual defects 
appear in the rods of the original micro-CT images (left column of right panel). Here, the defects are probably due to bubbles in the ink used 
to deposit the scaffold. The defects appear as bone pixels in the initially labeled image (middle column of right panel). The punctual defects 
are corrected (right column of right panel).  
Removal of the outside rim. Digital filtering also results in a fine bright circle appearing 
around the ROI, as seen in Fig.B13B and B13C. This border is removed by converting its pixel 
values to 0, to avoid counting those pixels as scaffold pixels.  
Comparison to previous and next slides. The algorithm processes image one by one. 
For each image that is being processed, the features (pixel labels and scaffold rod orientation) of 
the current image, as well as those of the two previous images and those of the next two images 
(all obtained from the previous algorithm), are considered and compared. This allows the 
identification of rod shadows in transition images, which might mistakenly be labeled as bone. 
Fig.B16 illustrates the interest of this step.  
A 
A 
B 
B 
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Figure B16. A: Original micro-CT image showing transition rods. B: Initial labeling recognizes some scaffold pixels from the scaffold structure 
and higher grayscale values, but shows “grains” in the background and scaffold shadows labeled as bone (light gray). C: Comparison to 
previous and next slides corrects the labeling of some rod pixels. D: The segmentation is further improved by subsequent steps (row/column 
consistency and rod growing). 
 
Row/column consistency. If the image has horizontal (and/or vertical) rods, the 
algorithm counts the fraction of bone pixels in all the pixels of each row (and/or column) of the 
labeled image. If this fraction is higher than a defined minimum (0.7. 0.6 or even 0.5 for certain 
scaffolds), then this row (and/or column) belongs to a scaffold rod that might have some 
manufacturing defects, resulting in some of its pixels being labeled as bone. This is then 
corrected. This is particularly useful in scaffold images where rods and bone have similar 
grayscale values as in Fig.B17.  
 
Figure B17. A: Original micro-CT image where rods and bone have similar grayscale values. B: Initial labeling recognizes some scaffold pixels 
from the scaffold structure and higher grayscale values, but a lot of scaffold pixels are labeled as bone (light gray). C: Comparison to previous 
and next slides and row/column consistency correct the labeling of most rod pixels. D: The segmentation is further improved by rod growing. 
 
 
 
 
A B D C 
A B D C 
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(iii) Post-processing to extract the quantitative results 
 
Cropping. Some scaffolds are damaged by: (i) the trephine used during the scaffold 
retrieval procedure and/or (ii) the implantation technique that consists of press-fitting the 
scaffold into a bone defects, thereby causing rods to break. To improve the accuracy of the 
automated bone count after segmentation, broken scaffolds are digitally cropped so as to only 
consider their less damaged half for bone pixel counting. In Amira®, the whole stack of 
segmented images is loaded and is cropped to only save the selected half of each image.  This is 
shown in Fig.B18 for one segmented micro-CT image.  
 
 
Figure B18. Segmented micro-CT slices are cropped to keep less damaged half for bone pixel counting. 
 
Rod growing. On micro-CT images, the border of scaffold rods is composed with pixels 
that have smaller grayscale values compared to pixels closer to the center of the rod. This noisy 
signal at the interface between the light scaffold rod and the dark background labeled as bone by 
the automated segmentation algorithm. This has to be corrected to decrease the error in bone 
pixel counting. In Amira®, this is done manually by: 
- loading the stack of segmented images in the Object Pool, 
- selecting the scaffold material (threshold selection tool, value = 3) in LabelField,  
- adding the selection to the “Inside” material,  
- selecting the “Inside” material and growing the Selection by 2, 3 or 4 pixels depending on 
the thickness of the border shadow (the thickness varies for different scaffolds) 
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- adding the grown selection to the “Inside” material.  
Now, the rods appear thicker and this added thickness covers in white (grayscale value = 
3) the rod borders. The rod growing is saved to the stack of segmented images by going back to 
the Object Pool and using the created “Labels” bubble that appears under the original segmented 
data bubble. The labels bubble is a logical matrix that contains a value of 1 at the location of all 
the pixels contained in the “Inside” material, i.e. in this case, all the pixels labeled as scaffold rod 
pixels, and 0 everywhere else. The procedure now consists of using the Compute -> Arithmetic 
tool to: 
-  multiply the “Labels” bubble by the original segmented data bubble; the resulting bubble  
contains the grown rod regions with the original values (3 for the inner rods and 2 for the 
borders)  
- subtract the resulting bubble from the original segmented data bubble; the resulting 
bubble (that can be labeled “rods-removed data”) contains the original segmented data 
without the rods and their borders  
- multiply the “Labels bubble” by 3 and add this bubble to the “rods-removed data”. The 
Result is the original data with grown rods, as shown in Fig.B19. 
 
 
Figure B19. In the segmented micro-CT slices, rods are grown by 3 pixels to correct for the border, mistakenly labeled as bone on the left 
(light gray). Cropped from Fig.B16C and B16D. 
 
Bone quantification. The number of bone pixels, scaffold pixels and background pixels 
in a stack of segmented images can be calculated using Amira® by manually grouping materials 
corresponding to a certain grayscale value under different labels in LabelField and using the 
Materials Statistics tool to determine the pixel numbers for each. This can also be done by 
writing a simple code on Matlab® or a similar computing software to count the pixels with 
different grayscale values. A custom-designed code written in Matlab® also allows to count 
bone pixel numbers as a function of the radial distance from the center of the scaffold to assess 
the homogeneity of the bone distribution. 
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2. Verification of the automated segmentation performance 
The automated segmentation procedure described in Section 1 above allows the 
processing of a 500-image micro-CT stack in less than an hour, roughly the same time needed to 
manually segment a single micro-CT image. Manual segmentation is considered as the gold-
standard technique, but is time-consuming and would not be adequate to process large stacks of 
images.  
In this section, the accuracy of the automated segmentation procedure is assessed against 
manual segmentation. The image processing software Amira® is used to perform manual 
segmentation – the procedure is exposed in detail. Then, a custom code written in MATLAB® 
allows the comparison between matrices resulting from the automated segmentation and the 
corresponding matrices obtained with manual segmentation. The segmentation error is calculated 
from this comparison. This section describes the detailed procedure to perform manual 
segmentation in Amira®.  
 
The manual segmentation procedure 
Manual segmentation is a lengthy process. Therefore, it is only performed on a number of 
single micro-CT slices. The procedure is as follows. 
The original micro-CT image is loaded in the Amira® Object Pool. If needed, it can be 
filtered to increase contrast for the user’s comfort. In LabelField, the “Magic Wand” tool is 
selected and allows the placing of a cross on a specific initial pixel of the image (Fig.B20A). The 
“Display and Handling” cursors are then adjusted to select the masking window associated with 
this pixel. This will place in the selection all the pixels, connected to each other and to the initial 
pixel, that have a grayscale value in this window (Fig.B20B). Once the region of interest is 
selected, push the add button to cast all the corresponding pixels in the “Inside” material. In 
Fig.B19B, the top three rods are circled in purple, which means that they have been added to the 
“Inside” material. Pushing the Select button on the “Inside” material line, allows the 
visualization of what pixels are in this material group. 
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A.  
B.  
 
Figure B20. A. The Magic Wand tool, circled in red, is selected and used to place a cross on a rod. B. The masking window can be 
adjusted to select all the pixels of the corresponding rod. The top three rods have already been added to the “Inside” material 
group. 
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Rod labeling and removal. The first step is to select all the pixels belonging to scaffold 
rods using the Magic Wand tool in LabelField, and adding them to the “Inside” material. Going 
back to the Object Pool, a “Labels” bubble is created under the original image bubble and 
renamed as “scaffold labels”. Using the Compute -> Arithmetic tool, the “scaffold labels” bubble 
is multiplied by the original image bubble. This creates a “scaffold with original values” set of 
data. Subtracting the “scaffold with original values” from the original image, results in a scaffold 
with removed rods (“rods removed” bubble) as in Fig.B21C. This data will be used to facilitate 
the selection of bone pixels in the absence of scaffold rods.  
 
 
Figure B21. A. Original micro-CT image. B. All scaffold rods are manually selected as “Inside” material in LabelField. C. Scaffold 
rods are digitally removed from the original image. However, it appears that their border is not included in the selection due to its 
grayscale values being too close to those of bone pixels. This will be corrected with rod growing. 
 
Bone labeling and addition to labeled rods. In LabelField, the bone pixels are selected 
in the “rods removed” image data and added to the “Inside” material group using the Magic 
Wand tool the same way as described above (Fig.B22A). Going back to the Object Pool, a new 
“Labels” bubble appears under the “rods removed” bubble and is renamed as “rods removed – 
bone labels”. The Using the Compute -> Arithmetic tool, the “scaffold labels” bubble is 
multiplied by 3, and the “rods removed – bone labels” is multiplied by 2. The resulting two 
bubbles are added together to generate the manually segmented image (Fig.B22B). The whole 
computing scheme is shown in the Object Pool (Fig.B23). 
Rods growing. To account for the rod borders mistakenly labeled as bone, the rods are 
grown in the same way described in Section 1(iii) (Fig.B22C). 
 
A B C 
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Figure B22. A. Original micro-CT image with the manually labeled bone in « Inside » material. B. Result from the addition of 
manually defined bone labels and scaffold labels with grayscale values of 2 (gray) and 3 (white) respectively. Scaffold rods have 
their border in gray. C. Scaffold rods are grown to correct their borders. D. Automated segmentation output for the same image. 
Some segmentation errors are visible and will be quantified. 
 
 
 
Figure B23.  Computing scheme for the generation of a manually segmented matrix, where Arithmetic is a multiplication, 
Arithmetic 2 is a subtraction, Arithmetic 3 is a multiplication by 3, Arithmetic 4 is a multiplication by 2, and Arithmetic 5 is an 
addition.  
 
Assessment of automated segmentation accuracy 
The outputs from manual segmentation (Fig.B22C) and automated segmentation (Fig.B22D) 
corresponding to the same original image (Fig.B21A) are compared using a simple algorithm 
written in Matlab®. The algorithm identifies the discrepancies between labels in the manual 
segmentation matrix and the automated segmentation matrix. The most likely errors that can 
A B C D
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occur are due to neighboring grayscale values between pixels of different materials in the 
original micro-CT image. The expected errors are then:  
- bone labeled as scaffold (value = 2 in manual segmentation, 3 in automated 
segmentation) 
- bone labeled as background (value = 2 in manual segmentation, 1 in automated 
segmentation) 
- background labeled as bone (value = 1 in manual segmentation, 2 in automated 
segmentation) 
- scaffold labeled as bone (value = 3 in manual segmentation, 2 in automated 
segmentation) 
For the image used to illustrate this section, the automated segmentation error summary is as 
follows:  
- bone labeled as scaffold: 2% 
- bone labeled as background: 9% 
- background labeled as bone: 3% 
- scaffold labeled as bone: 3% 
- overall error (sum of all mislabeled pixels divided by total number of pixels labeled): 6% 
For 10 random images, the automated segmentation error summary is as follows:  
- bone labeled as scaffold: 3% 
- bone labeled as background: 9% 
- background labeled as bone: 6% 
- scaffold labeled as bone: 3% 
- overall error (sum of all mislabeled pixels divided by total number of pixels labeled): 7 
(+/-1) % 
 
Conclusions  
The automated segmentation algorithm has a satisfactory performance, with a labeling accuracy 
of over 92% and a yield of 500 images per hour, i.e. 500-fold, compared to manual 
segmentation. 
 
 
 
 
113 
 
batch_seg2014 code 
clear all; close all; 
mkdir labeled 
mkdir rodsremoved 
  
files = dir('*.tif') 
  
for i=1:size(files,1) 
    disp(strcat('Running on ', files(i).name)) 
    autoseg2014final(files(i).name); 
end 
  
simplefeatures2014; 
pwd 
toughfix2014(char(strcat(ans, '\fourfeatures\'))) 
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autothresh code 
% Take as input a histogram and corresponding vector that 
% specifies the value of each of the bins. 
function [ztopt] = autothresh(Hist, Bins) 
     
    % Initialize variables storing optimal threshold and 
    % within-group variance at that threshold, up to this point. 
    ztopt = 0; 
    owopt = 1000000000; 
    u0opt = 0; 
    u1opt = 0; 
     
    % Iterate over all possible threshold values and select 
    % the optimal threshold w.r.t. within group variance. 
    P = Hist./sum(Hist); 
    for zt = Bins 
       q0 = sum(P(1:find(Bins == zt)-1)); 
       q1 = sum(P(find(Bins == zt):size(Bins,2))); 
  
       u0 = 0;  
       o0 = 0; 
       u1 = 0; 
       o1 = 0; 
       for z = Bins(Bins < zt) 
           u0 = u0 + z * P(find(Bins == z)) / q0; 
       end 
       for z = Bins(Bins >= zt) 
           u1 = u1 + z * P(find(Bins == z)) / q1; 
       end 
  
       for z = Bins(Bins < zt) 
           o0 = o0 + (z - u0).^2 * P(find(Bins == z)) / q0; 
       end 
       for z = Bins(Bins >= zt) 
           o1 = o1 + (z - u1).^2 * P(find(Bins == z)) / q1; 
       end 
  
       ow = q0*o0+q1*o1; 
       if ow < owopt 
           owopt = ow; 
           ztopt = zt; 
           u0opt = u0; 
           u1opt = u1; 
       end    
    end 
     
    %% Plot the threshold on the histogram. 
%     figure 
%     stem(Bins,Hist) 
%     hold on 
%     stem([ztopt, u0opt, u1opt], ones(1,3).*2/3*max(Hist))     
end 
 
115 
 
get_cylinder code 
function [a] = get_cylinder(f, thres) 
  
    h = zeros(size(f,1), size(f,2)); 
    h(1,:) = 1; 
    h(:,1) = 1; 
    h(size(f,1),:) = 1; 
    h(:,size(f,2)) = 1; 
  
    for i=2:size(f,1) 
        for j = 2:size(f,2) 
            if (f(i,j) < thres && h(i-1,j) && h(i,j-1)) 
                h(i,j) = 1; 
            end 
        end 
    end 
  
    for i=size(f,1)-1:-1:1 
        for j = size(f,2)-1:-1:1 
            if (f(i,j) < thres && h(i+1,j) && h(i,j+1)) 
                h(i,j) = 1; 
            end 
        end 
    end 
  
    for i=size(f,1)-1:-1:1 
        for j = 2:size(f,2) 
            if (f(i,j) < thres && h(i+1,j) && h(i,j-1)) 
                h(i,j) = 1; 
            end 
        end 
    end 
  
  
    for i=2:size(f,1) 
        for j = size(f,2)-1:-1:1 
            if (f(i,j) < thres && h(i-1,j) && h(i,j+1)) 
                h(i,j) = 1; 
            end 
        end 
    end 
  
    % k = h; 
    % for i=690:-1:1 
    %     for j = 722:-1:1 
    %         if (f(i,j) ~= 0 && k(i+1,j) ~= 60000 && k(i,j+1) ~= 60000) 
    %             k(i,j) = f(i,j); 
    %         end 
    %     end 
    % end 
     
    a = ~h; 
  
end 
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autoseg code 
function [im, 
imlabel,scaffold_threshold,bone_threshold,rows,cols,scaffhor,scaffver] = 
autoseg2014final(filename) 
  
    
    tic 
      
    %% image reading and parameter setting 
     
    imcolor = imread(filename); 
    im_uint8 = gray2ind(imcolor, 256); 
     
    I2=imtophat(im_uint8,strel('disk',30)); 
    I3=imadjust(I2); 
     
    gamma=2.4; 
%     gamma2=3.5; 
     
    %% first gamma filter  
     
    im_double = double(I3); 
    for i=1:size(im_double,1) 
        for j=1:size(im_double,2) 
            gamma_corrected(i,j)=255*(im_double(i,j)/255)^gamma; 
        end 
    end 
    gamma_corrected=uint8(gamma_corrected); 
         
    im=gamma_corrected; 
     
    %% rod orientation 
     
    imtestvertical = imfilter(im, ones(300,1)/(300)); 
    cols = (sum(imtestvertical)./(size(im,1))); 
    [Hist,hx] = hist(cols(cols~=0),unique(cols(cols~=0))); 
    t = autothresh(Hist, hx); 
    diffcols = [0, cols>t] - [cols>t, 0]; 
    scaffver = sum(diffcols==1)>2; 
     
    imtesthorizontal = imfilter(im, ones(1,300)/(300)); 
    rows = (sum(imtesthorizontal')./(size(im,2))); 
    [Hist,hx] = hist(rows(rows~=0),unique(rows(rows~=0))); 
    t = autothresh(Hist, hx); 
    diffrows = [0, rows>t] - [rows>t, 0]; 
    scaffhor = sum(diffrows==1)>2; 
     
    %% rod removal 
     
    imser = double(im(:)); 
    [Hist, hx] = hist(imser, min(imser):max(imser)); 
    scaffold_threshold = autothresh(Hist, hx); 
    F=I3; 
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    for i = 1:size(im,1) 
        for j = 1:size(im,2) 
            if im(i,j)> scaffold_threshold 
                F(i,j)= 0; 
            end 
        end 
    end 
    F=uint8(F); 
     
    %% second gamma filter  
     
%     for i=1:size(F,1) 
%         for j=1:size(F,2) 
%             gamma_corrected2(i,j)=255*(F(i,j)/255)^gamma2; 
%         end 
%     end 
%     gamma_corrected2=uint8(gamma_corrected2); 
     
    %% pixel labeling 
     
    gamma_corrected2=F;  
     
    imser=double(gamma_corrected2(:)); 
    [Hist,hx]=hist(imser, min(imser):max(imser)); 
    bone_threshold=autothresh(Hist, hx); 
    imlabel=ones(size(im)); 
    a=get_cylinder(im_uint8, 256/12); 
    for i = 1:size(im_uint8,1) 
        for j = 1:size(im_uint8,2) 
            if ~a(i,j) 
                imlabel(i,j)= 0; 
            elseif gamma_corrected2(i,j)>bone_threshold 
                imlabel(i,j)= 2; 
            elseif gamma_corrected2(i,j)== 0 && im(i,j)~=0 
                imlabel(i,j)= 3; 
            end 
        end 
    end 
    f=imlabel; 
  
    %% Correction of background mislabeled as bone 
     
       for m=1:2 
            y=0; 
            for i = 2:size(im,1)-1 
                for j = 2:size(im,2)-1 
                    if imlabel(i,j)==2 && F(i,j)<(bone_threshold*4/3)  
                        if (imlabel(i+1,j)==1) || (imlabel(i-1,j)==1) || 
(imlabel(i,j+1)==1) || (imlabel(i,j-1)==1) 
                            f(i,j)=1; 
                            y=y+1; 
                        end 
                    end 
                end 
            end 
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            y 
        end 
     
     %% Correction of scaffold mislabeled as bone    
        for m=1:2 
              n=0; 
              im=f; 
              for i=11:size(f,1)-10 
                        for j = 11:size(f,2)-10 
                            if (im(i,j)==2 && im(i+10,j)==3 && im(i,j+10)==3 
&& im(i-10,j)==3 && im(i,j-10)==3) 
                                    f(i,j) = 3; 
                                    n=n+1; 
                            end 
                        end 
              end 
              n 
        end 
     
   %% Correction of background mislabeled as scaffold   
      for m=1:2 
          p=0; 
          im=f; 
          for i=11:size(f,1)-10 
                    for j = 11:size(f,2)-10 
                        if (im(i,j)==3 && im(i+10,j)==1 && im(i,j+10)==1 && 
im(i-10,j)==1 && im(i,j-10)==1) 
                                f(i,j) = 1; 
                                p=p+1; 
                        end 
                    end 
          end 
          p 
      end 
       
    %% Correction of bone mislabeled as scaffold (by engulfment)   
      for m=1:2 
          b=0; 
          im=f; 
          for i=11:size(f,1)-10 
                    for j = 11:size(f,2)-10 
                        if (im(i,j)==3 && im(i+10,j)==2 && im(i,j+10)==2 && 
im(i-10,j)==2 && im(i,j-10)==2) 
                                f(i,j) = 2; 
                                b=b+1; 
                        end 
                    end 
          end 
          b 
      end 
     
      %% Correction of ROI border 
      for k=1:5 
          im=f; 
           for i=1:size(f,1)-1 
                for j = 1:size(f,2)-1 
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                    if (im(i,j)==0 && im(i+1,j)~=0) 
                        f(i+1,j) = 0; 
                    end 
                    if (im(i,j)==0 && im(i,j+1)~=0) 
                        f(i,j+1) = 0; 
                    end 
                end 
            end 
  
            for i=size(f,1):-1:2 
                for j = size(f,2):-1:2 
                    if (im(i,j)==0 && im(i-1,j)~=0) 
                        f(i-1,j) = 0; 
                    end 
                    if (im(i,j)==0 && im(i,j-1)~=0) 
                        f(i,j-1) = 0; 
                    end 
                end 
            end 
  
            for i=size(f,1):-1:2 
                for j = 1:size(f,2)-1 
                    if (im(i,j)==0 && im(i-1,j)~=0) 
                        f(i-1,j) = 0; 
                    end 
                    if (im(i,j)==0 && im(i,j+1)~=0) 
                        f(i,j+1) = 0; 
                    end 
                end 
            end 
  
  
            for i=1:size(f,1)-1 
                for j = size(f,2):-1:2 
                    if (im(i,j)==0 && im(i+1,j)~=0) 
                        f(i+1,j) = 0; 
                    end 
                    if (im(i,j)==0 && im(i,j-1)~=0) 
                        f(i,j-1) = 0; 
                    end 
                end 
            end 
  
      end 
   
     
    imlabel=f; 
     
    imlabeluint16=cast (imlabel, 'uint16'); 
    fsplit = regexp(filename, '\.', 'split'); 
    imwrite(imlabeluint16, char(strcat('labeled/', fsplit(1), '_labeled', 
fsplit(2),'.tif')), 'tif'); 
     
     toc 
end 
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simplefeatures2014 code 
 
mkdir fourfeatures 
  
filesim = dir('*.tif'); 
filesmlab = dir('labeled/'); 
  
  
for i=1:size(filesim,1) 
    tic 
    disp(strcat('Running on ', filesim(i).name)) 
    [scaffhor, scaffver] = paramget2014(filesim(i).name); 
    mlab=filesmlab(i+2).name; 
   
     
    filename=filesim(i).name; 
    filename2=strcat('labeled/', filesmlab(i+2).name); 
     
    image=imread(filename); 
    label=imread(filename2); 
    
features=struct('image',image,'labels',label,'scaffhor',scaffhor,'scaffver',s
caffver); 
     
    fsplit = regexp(filename, '\.', 'split'); 
    filename_final=char(strcat('fourfeatures/', fsplit(1), fsplit(2), 
'_features.')); 
    save(filename_final, 'features'); 
    toc 
end 
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paramget2014 code 
 
function [scaffhor,scaffver] = paramget2014(filename) 
  
   
  
   imcolor = imread(filename);         
   im = gray2ind(imcolor, 256); 
    
   imtestvertical = imfilter(im, ones(300,1)/(300)); 
   cols = (sum(imtestvertical)./(size(im,1))); 
   [Hist,hx] = hist(cols(cols~=0),unique(cols(cols~=0))); 
   t = autothresh(Hist, hx); 
   [Hist,hx] = hist(cols(cols>t),unique(cols(cols>t))); 
   t = autothresh(Hist, hx); 
   diff = [0, cols>t] - [cols>t, 0]; 
   scaffver = sum(diff==1)>2; 
    
   imtesthorizontal = imfilter(im, ones(1,300)/(300)); 
   cols = (sum(imtesthorizontal')./(size(im,2))); 
   [Hist,hx] = hist(cols(cols~=0),unique(cols(cols~=0))); 
   t = autothresh(Hist, hx); 
   [Hist,hx] = hist(cols(cols>t),unique(cols(cols>t))); 
   t = autothresh(Hist, hx); 
   diff = [0, cols>t] - [cols>t, 0]; 
   scaffhor = sum(diff==1)>2; 
  
  
     
end 
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toughfix2014 code 
 
 
function [] = toughfix2014(longpath) 
  
mkdir trickyfix 
  
  
files=dir('fourfeatures/'); 
num=size(files,1); 
  
for c=6:num-3 
  
    tic 
  
    filename=files(c).name; 
    filename2=files(c+1).name; 
    filename3=files(c-1).name; 
    filename4=files(c+2).name; 
    filename5=files(c-2).name; 
  
    name=strcat(longpath, filename); 
    name2=strcat(longpath, filename2); 
    name3=strcat(longpath, filename3); 
    name4=strcat(longpath, filename4); 
    name5=strcat(longpath, filename5); 
  
  
  
    disp(strcat('Running on ', files(c).name)) 
  
    load(name, '-mat'); 
    cfeatures=features; 
    cimage=cfeatures.image; 
    clabels=cfeatures.labels; 
    cscaffhor=cfeatures.scaffhor; 
    cscaffver=cfeatures.scaffver; 
  
  
    load(name2, '-mat'); 
    nfeatures=features; 
    nlabels=nfeatures.labels; 
    nscaffhor=nfeatures.scaffhor; 
    nscaffver=nfeatures.scaffver; 
  
    load(name3, '-mat'); 
    pfeatures=features; 
    plabels=pfeatures.labels; 
    pscaffhor=pfeatures.scaffhor; 
    pscaffver=pfeatures.scaffver; 
  
    load(name4, '-mat'); 
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    nnfeatures=features; 
    nnlabels=nnfeatures.labels; 
  
  
    load(name5, '-mat'); 
    ppfeatures=features; 
    pplabels=ppfeatures.labels; 
  
  
    cimsize=size(cimage); 
  
    newlabel=clabels; 
  
    rowdcount=0; 
    coldcount=0; 
  
    bone=length(find(clabels==2)); 
    scaff=length(find(clabels==3)); 
    bg=length(find(clabels==1)); 
  
    nbone=length(find(nlabels==2)); 
    nscaff=length(find(nlabels==3)); 
    nbg=length(find(nlabels==1)); 
  
    pbone=length(find(plabels==2)); 
    pscaff=length(find(plabels==3)); 
    pbg=length(find(plabels==1)); 
  
  
  
  
%     set=bf; 
      setmin=0.5;  
  
  
  
  
%% correction of scaffold mislabeled as bone  
    for j=1:cimsize(1) 
        cnumbone=length(find(clabels(j,:)==2)); 
        cnumscaff=length(find(clabels(j,:)==3)); 
        cnumbg=length(find(clabels(j,:)==1)); 
  
        nnumbone=length(find(nlabels(j,:)==2)); 
        nnumscaff=length(find(nlabels(j,:)==3)); 
        nnumbg=length(find(nlabels(j,:)==1)); 
  
        pnumbone=length(find(plabels(j,:)==2)); 
        pnumscaff=length(find(plabels(j,:)==3)); 
        pnumbg=length(find(plabels(j,:)==1)); 
  
        nnnumbone=length(find(nnlabels(j,:)==2)); 
        nnnumscaff=length(find(nnlabels(j,:)==3)); 
124 
 
        nnnumbg=length(find(nnlabels(j,:)==1)); 
  
        ppnumbone=length(find(pplabels(j,:)==2)); 
        ppnumscaff=length(find(pplabels(j,:)==3)); 
        ppnumbg=length(find(pplabels(j,:)==1)); 
  
         
        if ((cnumscaff/(cnumbone+cnumbg+cnumscaff))>(setmin) && cnumbg<0.2 && 
cscaffhor==1) 
              
            for k=1:cimsize(2) 
                if clabels(j,k)==2  
                    newlabel(j,k)=3; 
                    rowdcount=rowdcount+1; 
                end 
            end 
        end 
         
        if (cscaffver==1 && nscaffhor==1 && 
((nnumscaff/(nnumbone+nnumbg+nnumscaff))>(setmin))) || (cscaffver==1 && 
pscaffhor==1 && ((pnumscaff/(pnumbone+pnumbg+pnumscaff))>(setmin))) 
            for k=1:cimsize(2) 
                if (clabels(j,k)==2 && nlabels(j,k)==3) || (clabels(j,k)==2 
&& plabels(j,k)==3)  
                    newlabel(j,k)=3; 
                    rowdcount=rowdcount+1; 
                end 
            end 
             
        end 
         
    end 
  
    for k=1:cimsize(2) 
  
        cnumbone=length(find(clabels(:,k)==2)); 
        cnumscaff=length(find(clabels(:,k)==3)); 
        cnumbg=length(find(clabels(:,k)==1)); 
  
        nnumbone=length(find(nlabels(:,k)==2)); 
        nnumscaff=length(find(nlabels(:,k)==3)); 
        nnumbg=length(find(nlabels(:,k)==1)); 
  
        pnumbone=length(find(plabels(:,k)==2)); 
        pnumscaff=length(find(plabels(:,k)==3)); 
        pnumbg=length(find(plabels(:,k)==1)); 
  
        nnnumbone=length(find(nnlabels(:,k)==2)); 
        nnnumscaff=length(find(nnlabels(:,k)==3)); 
        nnnumbg=length(find(nnlabels(:,k)==1)); 
  
        ppnumbone=length(find(pplabels(:,k)==2)); 
        ppnumscaff=length(find(pplabels(:,k)==3)); 
        ppnumbg=length(find(pplabels(:,k)==1)); 
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        if ((cnumscaff/(cnumbone+cnumbg+cnumscaff))>(setmin) && cnumbg<0.2 && 
cscaffver==1) 
  
            for j=1:cimsize(1) 
                if clabels(j,k)==2  
                    newlabel(j,k)=3; 
                    coldcount=coldcount+1; 
                end 
            end 
        end 
         
        if (cscaffhor==1 && nscaffver==1 && 
((nnumscaff/(nnumbone+nnumbg+nnumscaff))>(setmin))) || (cscaffhor==1 && 
pscaffver==1 && ((pnumscaff/(pnumbone+pnumbg+pnumscaff))>(setmin))) 
            for j=1:cimsize(1) 
                if (clabels(j,k)==2 && nlabels(j,k)==3) || (clabels(j,k)==2 
&& plabels(j,k)==3)  
                    newlabel(j,k)=3; 
                    coldcount=coldcount+1; 
                end 
            end 
             
        end 
    end 
     
    rowdcount 
    coldcount 
     
    %% correction of bone mislabeled as scaffold (comparison to previous and 
next slides) 
     
    bonedcount=0; 
    for j=1:cimsize(1) 
        for k=1:cimsize(2) 
                
            if clabels(j,k)==3 && nlabels(j,k)~=3 && plabels(j,k)~=3  
          
                newlabel(j,k)=2; 
                bonedcount=bonedcount+1; 
            end 
        end 
    end 
    bonedcount 
  
               
    %% saving image 
     
    fsplit=regexp(filename, '\.', 'split'); 
    imwrite(newlabel, char(strcat('trickyfix/', fsplit(1), 
'_fixed.')),'tif'); 
 
     toc 
end 
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Code for heatmaps - example for pig1wiscLP (MP large) sample 
 
% indicate path to the directory where the final segmented images are stored 
files=dir('pig1wiscLP (MP large)/rods_grown-3pixels/*.tif');  
 
% identify size of the final heatmap using a random image in the stack 
filename=files(10).name; 
size_ref_im = imread(strcat('pig1wiscLP (MP large)/rods_grown-3pixels/', 
filename)); 
im=zeros(size(size_ref_im)); 
 
% read all images in the segmented stack 
for i=1:size(files,1) 
    filename=files(i).name; 
    im(:,:,i) = imread(strcat('pig1wiscLP (MP large)/rods_grown-3pixels/', 
filename)); 
end 
 
% pixel counts for heatmap calculations 
im=cast(im, 'double'); 
for m=1:size(size_ref_im, 1) 
 
    for n=1:size(size_ref_im, 2) 
        backgroundcount=0; 
        bonecount=0; 
        scaffoldcount=0; 
        backgroundcount = sum(im(m,n,:) == 1); 
        bonecount = sum(im(m,n,:) == 2); 
        scaffoldcount = sum(im(m,n,:) == 3); 
 
        if bonecount==0 && backgroundcount==0 && scaffoldcount==0 
           bvf_defect(m,n)=0; 
           boneandscaffoldvf_defect(m,n)=0; 
        else 
           bvf_defect(m,n)= 
bonecount/(bonecount+backgroundcount+scaffoldcount); 
           boneandscaffoldvf_defect(m,n)= 
(bonecount+scaffoldcount)/(bonecount+backgroundcount+scaffoldcount); 
        end 
 
        if bonecount==0 && backgroundcount==0  
           bvf_macropores(m,n)=0; 
        else 
           bvf_macropores(m,n)= bonecount/(bonecount+backgroundcount); 
        end 
 
        pig1wiscLPbvf_defect(m,n)=uint8(100*bvf_defect(m,n)); 
        
pig1wiscLPboneandscaffoldvf_defect(m,n)=uint8(100*boneandscaffoldvf_defect(m,
n)); 
        pig1wiscLPbvf_macropores(m,n)=uint8(100*bvf_macropores(m,n)); 
    end 
end 
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fsplit = regexp(filename, '\.', 'split'); 
 
% heatmap of bone volume normalized by the defect volume (bvf in defect) 
imwrite(pig1wiscLPbvf_defect, 
char(strcat('bvf_defect_graycolormaps/MPlarge/graycolormap_', fsplit(1), 
'.tif')), 'tif'); 
 
% heatmap of bone and scaffold volume normalized by the defect volume  
imwrite(pig1wiscLPboneandscaffoldvf_defect, 
char(strcat('boneandscaffoldvf_graycolormaps/MPlarge/graycolormap_', 
fsplit(1), '.tif')), 'tif'); 
 
% heatmap of bone volume normalized by the macropore volume (bvf in 
macropores) 
imwrite(pig1wiscLPbvf_macropores, 
char(strcat('bvf_macropores_graycolormaps/MPlarge/graycolormap_', fsplit(1), 
'.tif')), 'tif'); 
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Code for bone, macropore and scaffold pixel counting as a function of normalized radius 
() - example for pig1wiscLP (MP large) sample 
% indicate path to the directory where the final segmented images are stored  
pathtofolder='pig1wiscLP (MP large)/rods_grown-3pixels/';  
files=dir(strcat(pathtofolder, '*.tif')); 
 
% identify size of a random image in the stack 
filename=files(10).name; 
im=imread(strcat(pathtofolder, filename)); 
sumofallbone=zeros(size(im)); 
 
bonevector=zeros(1,400); 
cumulativebone=0; 
backgroundvector=zeros(1,400); 
cumulativebackground=0; 
scaffoldvector=zeros(1,400); 
cumulativescaffold=0; 
 
% find scaffold center and radius 
for i = 1:size(files,1) 
    filename=files(i).name; 
    im=imread(strcat(pathtofolder, filename)); 
    positives=find(im); 
    first=positives(1); 
    last=positives(length(positives)); 
    imsize=size(im); 
    cf=ceil(first/imsize(1)); 
    cl=ceil(last/imsize(1)); 
    tim=im'; 
    timsize=size(tim); 
    tpositives=find(tim); 
    tfirst=tpositives(1); 
    tlast=tpositives(length(tpositives)); 
    rf=ceil(tfirst/timsize(1)); 
    rl=ceil(tlast/timsize(1)); 
    scwidth=cl-cf; 
    scheight=rl-rf; 
    centerx = round(cf + scwidth/2);  
    centery = round(rf + scheight/2);  
%     centery = round(rf + scheight); %% if half 
    if scwidth>scheight 
        radius = round(scwidth/2); 
    else 
        radius = round(scheight/2); 
    end 
 
 
% pixel counts 
    for r=1:radius 
 
        for alpha=1:360 %% 180 if half 
            currentx=round(centerx+r*cos(alpha)); 
            currenty=round(centery+r*sin(alpha)); 
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            if currentx>centerx+round(scwidth/2); 
                currentx=centerx+round(scwidth/2); 
            end 
 
            if currenty>centery+round(scheight/2); 
                currenty=centery+round(scheight/2); 
            end 
 
            if currenty>0 && currentx>0 && currentx<(size(im,2)+1) && 
currenty<(size(im,1)+1) 
 
                if im(currenty,currentx)==2 
                    bonevector(1,r)=bonevector(1,r)+1; 
                    im(currenty,currentx)=0; 
                elseif im(currenty,currentx)==1 
                        backgroundvector(1,r)=backgroundvector(1,r)+1; 
                        im(currenty,currentx)=0; 
                elseif im(currenty,currentx)==3 
                        scaffoldvector(1,r)=scaffoldvector(1,r)+1; 
                        im(currenty,currentx)=0; 
                end 
 
            end 
 
        end 
 
    end 
      
    for i=1:size(im,1) 
 
        for j=1:size(im,2) 
            currentr=round(sqrt((i-centery)^2+(j-centerx)^2)); 
 
            if currentr~=0 
 
                if im(i,j)==2 
                    bonevector(1,currentr)=bonevector(1,currentr)+1; 
                    im(i,j)=0; 
                elseif im(i,j)==1  
                    
backgroundvector(1,currentr)=backgroundvector(1,currentr)+1; 
                    im(i,j)=0;                
                elseif im(i,j)==3 
                    scaffoldvector(1,currentr)=scaffoldvector(1,currentr)+1; 
                    im(i,j)=0;                 
                end 
 
            end 
 
        end 
 
    end 
                     
end 
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bonevector = 
bonevector(find(bonevector,1,'first'):find(bonevector,1,'last')); 
cumulativebonevector=bonevector; 
 
backgroundvector = 
backgroundvector(find(bonevector,1,'first'):find(bonevector,1,'last')); 
cumulativebackgroundvector=backgroundvector; 
 
scaffoldvector = 
scaffoldvector(find(bonevector,1,'first'):find(bonevector,1,'last')); 
cumulativescaffoldvector=scaffoldvector; 
 
radius=size(bonevector,2); 
 
for r=2:radius 
    
cumulativebonevector(1,r)=cumulativebonevector(1,r)+cumulativebonevector(1,r-
1); 
    
cumulativebackgroundvector(1,r)=cumulativebackgroundvector(1,r)+cumulativebac
kgroundvector(1,r-1); 
    
cumulativescaffoldvector(1,r)=cumulativescaffoldvector(1,r)+cumulativescaffol
dvector(1,r-1); 
end 
 
normalizedlocalbonevolumefraction=zeros(1,11); 
bonevector_ring=zeros(1,11); 
backgroundvector_ring=zeros(1,11); 
scaffoldvector_ring=zeros(1,11); 
 
for r=2:11 
 
    for i=(round((r-2)*radius*0.1)+1):round((r-1)*radius*0.1) 
        bonevector_ring (1,r)=bonevector_ring (1,r)+bonevector(1,i); 
        backgroundvector_ring (1,r)=backgroundvector_ring 
(1,r)+backgroundvector(1,i); 
        scaffoldvector_ring (1,r)=scaffoldvector_ring 
(1,r)+scaffoldvector(1,i); 
    end 
    
normalizedlocalbonevolumefraction(1,r)=(bonevector_ring(1,r)/(bonevector_ring
(1,r)+ 
backgroundvector_ring(1,r)))/(cumulativebonevector(1,radius)/(cumulativebonev
ector(1,radius)+ cumulativebackgroundvector(1,radius))); 
end 
 
 
pig1wiscLP_BV=bonevector_ring; 
pig1wiscLP_MV=backgroundvector_ring+bonevector_ring; 
pig1wiscLP_SV=scaffoldvector_ring; 
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ImageJ code for Bone Front Quantification  
//Thomas Boudou 2016/01  
// The macro quantifies the penetration of bone within a circular scaffold 
// by detecting a bone threshold around a 360° rotation around the center. 
 
 
//**** Variables 
Label = getInfo("slice.label"); //Retrieve slice label in a stack 
Scale = 80;     //Scale pixel/mm 
AngleSteps = 15;   //Angle steps in ° 
NbPixAvg = 5;   //Nb of pixels over which the intensity is averaged for threshold 
detection 
Threshold =10;   //Value of intensity threshold 
 
//**** Creation of arrays 
RM = newArray (360/AngleSteps+1); 
DepthM = newArray (360/AngleSteps+1); 
AngleM= newArray (360/AngleSteps+1); 
XM = newArray (360/AngleSteps+1); 
YM = newArray (360/AngleSteps+1); 
RBone = newArray (360); 
AngleBone= newArray (360); 
XBone = newArray (360); 
YBone = newArray (360); 
DepthBone = newArray (360); 
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//**** Setting measurements and colors 
run("Set Measurements...", "area mean centroid center perimeter bounding fit shape integrated display 
redirect=None decimal=3"); 
run("Colors...", "foreground=yellow background=white selection=yellow"); 
 
//****Convert to 8 bit and extract dimensions 
Label = getInfo("slice.label"); 
run("8-bit"); 
run("Line Width...", "line=1"); 
//makeOval(169, 164, 662, 662); 
setTool("oval"); 
waitForUser("Circle the sample"); 
run("Duplicate...", "title="+Label+""); 
run("Measure"); 
XC = getResult("X",nResults-1); 
YC = getResult("Y",nResults-1); 
WC = getResult("Width",nResults-1); 
HC = getResult("Height",nResults-1); 
if (HC > WC)  
 Radius = HC/2; 
else 
 Radius = WC/2; 
 
//****Start measuring bone front 
for (i=0; i<360/AngleSteps; i++) 
 {RM [i] = 0; 
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 for (j = 0; j<AngleSteps; j++) 
  {makeLine(XC, YC, XC+Radius*cos(PI*(i*AngleSteps+j)/180), 
YC+Radius*sin(PI*(i*AngleSteps+j)/180)); 
  run("Plot Profile"); 
  Plot.getValues(x, y); 
  selectWindow("Plot of "+Label+""); close(); 
   
  //**** Measure and average the intensity over NbPixAvg 
  RBone [i*AngleSteps+j] = 0; 
  for (k = 0; k < x.length-NbPixAvg; k++) 
   {YAvg = 0; 
   for (m = 0; m < NbPixAvg; m++) 
    {YAvg = YAvg + y[k+m]; 
    } 
   YAvg = YAvg/NbPixAvg; 
   RBone [i*AngleSteps+j] = x[k]; 
   AngleBone [i*AngleSteps+j] = i*AngleSteps+j; 
   XBone [i*AngleSteps+j] = XC + x[k]*cos(PI*(i*AngleSteps+j)/180); 
   YBone [i*AngleSteps+j] = YC + x[k]*sin(PI*(i*AngleSteps+j)/180); 
   DepthBone[i*AngleSteps+j] = Radius - RBone[i*AngleSteps+j]; 
   if (YAvg > Threshold) 
    {k = x.length; 
    } 
   } 
  RM[i] = RM[i]+RBone [i*AngleSteps+j]; 
  } 
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  //**** Average the void radius over AngleSteps 
  RM[i] = RM[i]/AngleSteps; 
  AngleM [i]= i*AngleSteps+AngleSteps/2; 
  XM [i]= XC+RM[i]*cos(PI*AngleM [i]/180); 
  YM [i]= YC+RM[i]*sin(PI*AngleM [i]/180); 
  DepthM[i] = Radius - RM[i]; 
 } 
 
//****Add last point = first point 
RM[360/AngleSteps] = RM[0]; 
AngleM [360/AngleSteps]=AngleSteps/2; 
XM [360/AngleSteps]= XC+RM[0]*cos(PI*AngleM[0]/180); 
YM [360/AngleSteps]= YC+RM[0]*sin(PI*AngleM[0]/180); 
DepthM[360/AngleSteps] = DepthM[0]; 
 
//****Create overlay 
run("RGB Color"); 
makeSelection("polygon", XM, YM); 
run("Fit Spline"); 
 
//****Measure shape descriptors 
run("Measure"); 
XCFront = getResult("X",nResults-1)/Scale; 
YCFront = getResult("Y",nResults-1)/Scale; 
135 
 
DistHole = sqrt((YCFront-YC/Scale)*(YCFront-YC/Scale)+(XCFront-XC/Scale)*(XCFront-XC/Scale)); 
Area = getResult("Area",nResults-1)/(Scale*Scale); 
Perimeter = getResult("Perim.",nResults-1)/Scale; 
Circ = getResult("Circ.",nResults-1); 
AR = 1/getResult("AR",nResults-1); 
selectWindow("Results");  
run("Close"); 
 
//****Draw front line and save 
run("Line Width...", "line=2"); 
run("Draw"); 
saveAs("jpg"); 
run("Close"); 
 
//****Average over the whole circle 
RAvg = 0; 
DepthAvg =0; 
for (i=0; i<360/AngleSteps; i++) 
 {RAvg = RAvg + RM[i]; 
 DepthAvg = DepthAvg + DepthM[i]; 
 } 
RAvg = RAvg/(360/AngleSteps); 
DepthAvg = DepthAvg/(360/AngleSteps); 
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//*****Writing results in table 
print("Img Name;",""+Label+";"); 
print("XCenter Front;",""+XCFront+";"); 
print("YCenter Front;",""+YCFront+";"); 
print("Dist. from Center;",""+DistHole+";"); 
print("Area;",""+Area+";"); 
print("Perimeter;",""+Perimeter+";"); 
print("Circ.;",""+Circ+";"); 
print("Aspect Ratio;",""+AR+";"); 
print("Avg Front Radius;",""+RAvg/Scale+";"); 
print("Avg Bone Depth;",""+DepthAvg/Scale+";"); 
print("% Bone Penetration;",""+100*DepthAvg/Radius+";"); 
print(" ");  
print(" ");  
print("Img Name;",""+Label+";"); 
print("Angle;","Radius;","X;","Y;","Depth;","% Depth;"); 
for (i=0; i<360/AngleSteps; i++) 
 print(""+AngleM[i]+";",""+RM[i]/Scale+";",""+XM[i]/Scale+";",""+YM[i]/Scale+";",""+DepthM[i]/S
cale+";",""+100*DepthM[i]/Radius+";"); 
  
//*****Close tables 
selectWindow("Log");  
saveAs("Results"); 
//run("Close"); 
 
//run("Close"); 
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ImageJ code for Trabecular Thickness Quantification 
run("Invert LUT"); 
for (i=1; i<10; i++) 
{makeOval(375-i*65/2, 375-i*65/2, i*65, i*65); 
run("Duplicate...", "title=Ring"+i+" duplicate"); 
setBackgroundColor(0, 0, 0); 
run("Clear Outside", "stack"); 
run("Thickness", "thickness"); 
close(); 
run("Clear", "stack"); 
} 
run("Thickness", "thickness"); 
close(); 
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Appendix C: PMMA Embedding Protocol for Histology 
 
**Rule #1: Keep the lab neat, clean and organized!** 
 
Fixation and dehydration 
 
1. Fixation procedure  
• Once they are retrieved from the pig mandible, fix samples in 10% neutral buffered 
formalin (NBF) for 2 weeks (the volume of formalin should be ~10 times the volume of 
the sample).   
• Change to fresh NBF after 1 week.  Do not leave tissues in formalin for more than 2 
weeks.   
Note: Formalin increasingly hardens tissue and may soften bones at low pH (light can oxidize 
formalin into formic acid – store samples in the dark).  
• Use 70% ethanol in water for storage (after samples are fixed!): 
- Wash samples in slowly flowing water for 24 hrs to remove formalin residues 
- Keep samples in distilled water for 30 min (ideally change water twice) 
- Transfer to 50% EtOH solution for 30 min 
- Store in 70% EtOH 
- Long-term storage in 80% EtOH   
 
2. Dehydrate samples by immersing them in EtOH solutions as follows: 
70% EtOH  8 hrs 
70% EtOH  8 hrs 
80% EtOH  8 hrs 
80% EtOH  8 hrs 
95% EtOH  8 hrs 
95% EtOH  8 hrs 
100% EtOH  8 hrs 
100% EtOH  8 hrs 
100% EtOH  8 hrs 
 
Make sure that each step is as close to 8 hours as possible. Here again, the volume of the EtOH 
solution should be ~10 times that of the sample. When scaffolds are not embedded in bone, 
dehydration steps should last 30 minutes instead of 8hrs.  
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Embedding 
STEPS 3 TO 5 MUST BE CARRIED OUT UNDER A FUME HOOD!!!! 
3. Day 1:  
 
For this step, prepare the material to take to the hood location in a tray. You will need: 
- The dehydrated samples in 100% EtOH 
- The embedding containers (one per sample)  
- 100% EtOH container  
- A beaker to pour 100% EtOH in 
- Methyl methacrylate (MMA) monomer container (stored in the fridge) 
- A beaker to pour MMA monomer in 
- A labeled “EtOH waste” container  
- A magnetic stirrer 
 
UNDER THE HOOD: 
• Apply the release agent (contained in the flammable cabinet) to the walls and bottom of 
the embedding containers, using the brush provided with the bottle. Allow the release 
agent to dry.  
• Put samples into embedding containers (glass or plastic are both OK… multiple well 
plastic plates would melt) and pour the 100% EtOH solutions that they were initially 
stored in in the “EtOH waste” container. We will most often use the blue 1” diameter 
Buehler SamplKups; each one has a volume of about 12.5ml.  
• In a beaker placed on a magnetic stirrer plate, prepare the total volume (corresponding to 
the number of samples times the volume of one embedding container) of Solution 1. 
Solution 1 is 50:50 100%EtOH:MMA monomer (equal volumes of each). Use the magnet 
to stir the mixture.  
• Add Solution 1 in the embedding containers on top of the samples. Try to orient the 
samples in a convenient way for future sectioning.  
• Place samples in the green desiccator under the hood and under vacuum for 24 hours. 
Return other materials to their respective places in the lab and dispose of the waste solutions.  
 
4. Day 2:  
For this step, prepare the material to take to the hood location in a tray. You will need: 
- Methyl methacrylate (MMA) monomer container (stored in the fridge) 
- A beaker to pour MMA monomer in 
- Corresponding mass (see below) of Benzoyl peroxide powder (stored in the fridge) in a 
weighboat 
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- A container labeled “MMA waste” 
- A magnetic stirrer 
 
UNDER THE HOOD: 
• Pour the liquid initially contained in the embedding containers into the “MMA waste” 
container.  
• In a beaker placed on a magnetic stirrer plate, prepare the total volume of Solution 2 (also 
called “thin monomer”) as follows: pour a volume of MMA monomer corresponding to 
the total volume and dissolve in it the benzoyl peroxide in the amount of 1 gram per 
100ml of MMA. Use the magnet to stir the mixture until all the peroxide is dissolved.  
• Add Solution 2 in the embedding containers on top of the samples. Try to orient the 
samples in a convenient way for future sectioning.  
• Place samples in the green desiccator under the hood and under vacuum for 24 hours. 
Leave the “MMA waste” container under the hood. It will evaporate overnight.  
Return other materials to their respective places in the lab. 
 
Thin monomer ratios: (Stir on stir plate until dissolved) 
 Methyl methacrylate monomer 100 mL 
 Benzoyl peroxide   1 gram 
  
5. Day 3:  
For this step, prepare the material to take to the hood location in a tray. You will need: 
- Methyl methacrylate (MMA) monomer container (stored in the fridge) 
- A beaker to pour MMA monomer in 
- Corresponding mass (see below) of Benzoyl peroxide powder (stored in the fridge) in a 
weighboat 
- Corresponding mass (see below) of PMMA in a weighboat 
- A container labeled “MMA waste” 
- A magnetic stirrer 
UNDER THE HOOD: 
• Pour the liquid initially contained in the embedding containers into the “MMA waste” 
container.  
• In a beaker placed on a magnetic stirrer plate, prepare the total volume of Solution 3 (also 
called “thick monomer”) as follows: pour a volume of MMA monomer corresponding to 
the total volume and dissolve in it the benzoyl peroxide in the amount of 1 gram per 
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100ml of MMA and the PMMA in the amount of 20 grams per 100ml of MMA. Use the 
magnet to stir the mixture until all the peroxide and the PMMA are dissolved.  
• Add Solution 3 in the embedding containers on top of the samples. Try to orient the 
samples in a convenient way for future sectioning.  
Place samples in the green desiccator under the hood and under vacuum for 24 hours. 
Leave the “MMA waste” container under the hood. It will evaporate overnight.  
Return other materials to their respective places in the lab. **Make sure you wash the magnetic 
stirrer clean and do not leave it in any residue of the thick monomer** 
Thick monomer ratios: 
 Methyl methacrylate monomer 100 mL 
 Benzoyl peroxide   1 gram 
 PMMA     20 grams 
 Stir on stir plate until dissolved  
6. Day 4: 
• UNDER THE HOOD: Prepare an adequate volume of Solution 3 (follow step 5 
instructions) to top the embedding containers. Typically, the top of each sample should be 
1-2cm below the surface of the solution. 
 
• Cap with aluminum foil and transfer embedding containers to water bath set to 25C. You 
will have to weigh the containers down with blocks of wax.  
 
7. Following days:  
• Increase the water bath temperature by 1C every 24 hours until polymerized (usually 
~36C). The samples are polymerized when, typically, poking the upper surface with a 
pencil does not leave an indent mark.  
 
• When polymerized, cure samples in oven at 60C for 1 hour. 
 
